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Acoust ic Emission , Nondestructive Test ing, Aircraft  Structure , Fat igue Crack Detection ,
Structura l Monitoring System , Fractograp hic Anal ys is

LTh~~final rep~r; descr ;~~ s wo;k occ~~ ;Iis hed contract , w hose objec t ive was
to evaluate the abilit y of acoustic emission techni ques to detect crack growt h in a large
full—pro duc tion a ircraft Ning fati gue tes t a r t ic le subjected to simu lated f l i ght spectra .
Fati gue croc ks were propagated at seventeen se~’cte d pie- damaged fastener holes in ei ght
test areas on t he test art icle. The f l i ght load spectra consisted of f i f t y varia ble tension—
tension gust cycles followed by 1/2 of a compressive ground cyc le.  Sixteen of the fastener
holes were monitored with a 32-channel acoustic emiss ion f low locator system containing a
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20. Abstract (continued)

computer, C RT monitor, input/output teleprinter console and tape recorder. Linear and
tr angular sensor orroys we re used to detect and locate cracks. Twelve fatigue cracks
were detected at fifteen fastener holes monitored where crack growth occurre d . Acoustic
emission data were correlated to crack growth data, determined through fractographic
anal ysis, for several of the test cracks . Comp lex structural features which were accommodated
successfull y for detection of AE across joints are described .
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SUMMARY

Thk program was conducted to evaluate the a b l it ~ ~f Acoustic Emission (AE) techn i-
ques to detect crack growt h in the str uctu re of a fu l l—s ize  o i rcr of t  wing fat i gue test
art icle during simulate d f l ight loading spec tra . Some techn ique var iations i~ere
developed to accommodate features which ore characterist ic of aircraf t  wi ng structure
T he events leading up to the program provide some insi ght into the si gn ificance of the
effort . In 1 973, crcck growth was mon itored in relotive ly s imp le structural specimens
without the necessity of acoustical l y isolating the specimen from eithe r the loading
mac hine or the shop environment (Ref. 1). At that time , very l i t t le was known about
the background noise leve l in aircraft structure in the si gnal—leve l range arid frequency
range in which subcritical crack growth is detectable. In 1 974, t he structu re-borne
background noise was measured (Ref . 2) during f l igE on a C-5 cargo airp lane - The
results showe d that the constant level of noise in the frequency range above 500 KHz
was low enoug h i~ fl ight to permit detection of crock growt h. The next step was to
demonstrate that crock growt h con be monitored ir production-size &rcraft ,t ructure .
About t h s  time the Air Force C— S System Project Office (SPO) begor negotiations to
initiate the program : ‘ Crack Propagation Testing on the Expedited W ing Fati gue Test
Art ic le (X993)” . This provided a Unique opportun ity for monitoring crack growt h in
several locations on a ful l -s ize aircraft wing test a r t ic le .  (U5L’all y, if a crack is
locate d, t he damage is repaired pr ior to additional testing.) This program provided
t he test article , fati gue cyc l ing conditions , and visual crack mon itoring necessary for
develop ing correlation , wit h AE data . After very detail p ann ng, the AE program
was conducted in “piggyback” fashion on the C-5 SPO Crack Propagation Program -

Work on t he AE Monitor ng program was commenced in late May 1 975 . The program
sc hedule was planned to coincide wi th the C-5 SPO funded program conducted to
study crack propagat ion under simulate d f ( i ght-by—f l kj ht load spectra . Under the
latter program, 2000 simulated f l i ghts plus 100 identical “ pr~ crack ” flights were
app lied to the C— 5A Expedited ‘vV ing Fati gue Tes t A r t i cTe  (X993) and crack growt h
in ei ght test areas on t he specimen ri g ht wi ng ~vere v isuall y mon itored. Each test
area conta ined at least one test hole w hich had eithe r a sharp-no~c hed sawcu t or a
fati gue crack as an in itial condition . There we re a total of 17 test holes , f ive having
initial fati gue cracks . The 100 “precrack” f lights were begun on 18 June 1 975 . The
f i rst test f l i ght was applied on 25 June 1 975 and the 2000th test f l i ght was comp leted
on 8 January 1976 .

The acoustic emission systerr. used in th is program was a commercial 32-channel AE
flaw locator system which uses triangulat ion techr ~ques to detect and locate AE
sources. Linear and triangular arrays are smultaneousl y usable wi th  He system .
The system computes source coor dinates , t hreshold crossing counts , time of arrival
differentials; disp lays and p1 ints out AE event data in real time; records AE threshold ,
and the sensor array size and location are variable. Two calibration techni ques were
usea to set up and functionall y che c k the system and to determine source locations in
the structure .
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The AE flow locator system was instal led to monitor ei g ht aren~ on t he test a r t ic le .
Seven of the test areas were instrumented. The eight h area , not conta ining test holes
or known cracks , was locate d on the outer wing to serve as an AE noise baseline test
area. Cal ibrations were performed in each monitored test area to determine accuracy
of source location and to establish operating gains for the AE system . Array s izes
ranged from 8 inches between transducers to as large as 48 inches. These dimensions
approached the smallest and largest arrays useable on the C—5A wing . Arrays were
success full y use d across wing panel and web—to—ca p joints assembled wi th fasteners
and fay—surface sealant. Acoustic emission detection capabilit ies proved good in
a w ide variety of structural app l ications .

Acoustic emission from crack gro wth was detected at 12 of the 15 test holes which
were mon itored and where crack growth actuall y occurred . Mate r ial containing one
crack was remove d after fli ght 1200 and a fractograp hic anal ys is was made on the
crack surfaces. A very good correlation was made between the acoustic emission and
fractograp hic data, show ing a linear relationshi p between AE rate and crack growth
rates. Material containing the test holes from the other test areas was removed
f ollowin g a ll  load tests and fractograp hic urlal yses were conducted . Additional cor-
relat ions between AE and crack growth we re made on three test holes.

T he program “ AE Monitoring of Crack Propagation on the Expedited Wing Fati gue Test
Article ” was success ful. Crack propagat ion was monitored in many different locat ions
and operational parameters for various structural configurat ions were developed .
Cracks in obscure locations such as under large sp l ice plates , at bolt holes in the
fay ing sur faces of joints and under fastener heads were located and the crack growt h
mon itored . We at Lockheed consider these developments sufficient evidence to
demonstrate that the second major milestone in the effort to adapt AE to servke air-
craft has been achieved. This is not intended to imp ly that all problems have been
solve d, but we believe that a firm technology base now exists to warrant initiating
a program effort to demonstrate that AE techniques can be use d to detect and monitor
crack growt h on an aircraft in f l ight.
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FOREWORD

T his is the Final report on the “ Acoustic Emission Monitoring of Crack Propagation on
the Exped ited Wing Fati gue Tes t Art icle (X993)” Program . The work was funded by
the Air Force Materials Laboratory, Air Force Wr ight Aeronautical Laboratories (AF SC),
and was monitored by the Air Force Materials Laboratory under Contract No. F336 15—
75—C—5249 (Project No. 7351), Captain Wil liam J. Jacques (AF ML/LLP) was fFe
Program Mon tor . The program was performed From 15 May 1975 throug h 29 October
1976 . Major efforts of the program included installation of the acoustic emission system
for monitoring the X 993 Wing Fati gue Test Art ic le , mon itoring the test article throug h
2100 test f l i ghts , and analyzing and correlating the data .

This program was conducted concurrentl y w ith a separate program under Contract
AF33(o57)-15053, C hange Order P00972 (dated 6 January 1975) t i t led “Crack
Propagation Testing on the Expedited W ing Fati gue Tes t Ar t icle (X993)” , whic h was
funded by the C-5A SPO and which prov ided the test article and f l i ght- by—fli ght
loads . Exchange of test data between the two programs was accomp lishe d throug h o
cooperat ive arrangement . Fractograp hic anal yses we re mode of cracks in test areas
an the C—5A SPO Program and the results were available to the ASD/AFML program .

Both programs were conducted at the Lockheed-Georg ia Company, Air Force Plant
6, Marietta , Georgia. Mr. C. D. Bailey was the Program Manager for the Acoustic
Emission program . Messrs . W . M. Pless and J. M. Hamilton conducted a major part
of the acoustic emiSsion test work , and Mr. Hamilton had the addit ional responsibil it y
of performing the anal ys is of the AE test data , Messrs . Bailey and Pless assisted in
the correlation of AE data with crack growth data . Mr. D. M. Anderson of the
Metallurg ical Group performed the fractograp hic anal yses of the fat i gue c~~c k sur faces

from the test art ic le.

This final report s issued unde r the Lockheed internal No. LG77ER—0042 .
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SECTION I

BACKGROU ND

The assurance of structural integrit y is a major requirement of the service life mainten-
ance proce dures for mil i tary a ircraft . Th is generates requirements for reliable and cost
e ffect ive nondestructive test (NDT) techn iques for detecting small fat i gue cracks .
Such cracks usuall y or ig inate in obscure locations such as under fastener heads and in
the fay ing surfaces of lap joints. Techniques currentl y be ing used, such as X—ray,
eddy current , and ultrasonics are not entire ly sat isfactory in terms of the large number
of manhours required to search for the cracks and the aircraft down—time that make
these techn iques very cost l y for large aircraft , Rel iabi l i t y of these techni ques can be
poor. Clearl y, a si gn ificant advancement in NDT techni ques is needed.

The Acoustic Emission (AE) techni que has demonstrated potent ial to hel p fulf i l l  t h s
need. Acoustic emission f law location techniques have been used to locate crack ex-
tens ions and monitor crack growt h in aircraft structural test specimens during fli9ht-
by—f l i ght spectrum loading (Re ference 1). This was accomp l ished without acousticall y
isolating the specimen from the loading mechanism or the noisy shop environment.
A lso , acoust ic emission structure-borne noise measurements hu\’e been made on a C-54
aircra ft during fl i ght, (Contract No. F33(657)—74—C—0588 (Reference 2)). The resul ts
s howed that above 500 KHz the st ructure— borne noise level is low enough for the AE
Si gnals from crack extension to be detected.

The current program was considered the next step in the long—term plan to develop an
AE system for in—service aircraft cpp l icat ions . It was conducted to demonstrate that
crack extens ions can be de tected in a fu l l -s ize aircraft  -wing test specimen during
cycl ic loading conditions . The program is uni que in t hat the re sources necessary to

conduct the program were available at a minimum cost and in the proper time frame for
conduct ing the program . It was conducted concurrentl y w ith a C-5A Special Project
Office funded program , “ Crack PropcgaHon Tes ting on the Expedited ‘.Ving Fati gue

Test Article (X993)” . On the C—5A program , t he test art icle was f l i ght— by— f l i ght
loaded and crack propagat ion in eight areas was monitored visuall y and with conven-
tional NDT techn iques.

Initiall y, a 1200—fl i ght (approximatel y 5000 cyc l ic  test hours) program was planne d.
Howe ver , crack growt h did not proceed in the test areas as antici pate d and the test
program was extende d in 400 f l i ght—b y- f l i ght increments to 2000 total f l i ghts . In
addition, 100 prec rack ’ f l i ghts were app l ied to initiate the tests Following the
2000 fl i ghts , a ser ies of Ioadinjs .ver~ app l ied to the test art ic le for residual strength
studies , wh ich contributed some growth to most test cracks , but these tests ‘we re not a
part of the current program . Fractograp hic anal ys is was conducted on the fracture

~ 
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sur faces at the comp letion of all tests . The acoustic emission program used the same
test art icle and the resu l ts of the C— 5A program wer e available for the eva luat ion of
relat ionships between AE event data , crack growth rates , fractograp hk data , and
cycl ic loading conditions. Likewise , the results of the AE program ‘were available to
t he C-5A crack propagat ion testing program for real-t ime crack growth surve illance .

SECTION II

PROG RAM OBJECTIVE AND APPROAC H

The objective of this program was to determine the Acoustic Emission operating para-
meters necessar y to locate small fati gue cracks and monitor crack extensions in various
structural members on a fu l l—size C—5A a ircraft wing test artkle. A secondary objec-
tive was to identif y c haracteristics of an acoustic emission f law locator system suitable
for in—fli ght structural mon itoring ,

This program is an integral part of a larger effort to develop an airborne monitoring
system us ing acoustic emission to detect cracks on aircraft . The approach was to con-
duct the acoust ic emission program concurrentl y and cooperative l y -with a C-5A SPO
funded crack propagation program using t he C-5A expedited wing fati gue test art icle
(X 993). Under the C-5A SPO program, the test art icle was f l i ght—b y-f l ight loaded to
produce crack pro pagation in eight selecte d test areas. The test areas were monitored
v isuall y for crack growth and inspected by NDT methods . Se ven of the areas were
mon itored with an acoustic emission (AE) crack locator system thrDughout most of ~he
app lied flights and the AE data recorded on magnetic tape . Upon comp let ion of load
test ing, the AF data were anal yzed and correlate d or compared to the crack growt h
data as determined by fractograp hic anal ysis.
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SECTION III

TECHNICAL DISCUSSION

3. 1 EXPERIMENTA L APPROAC H

3. 1 .1 Test Ar t ic le Descri pt ion and Test Areas

Test Ar t ic le .  The acoustic emission program was conducted concurrentl y w t h and use d
the same test art ic le as the C-5 SPO funded program , “Crack Propagation Testing on
Expedited W ing Fat gue Test Ar t ic le (X993)” - The test art icle is a fu l l—scale C— 5A
w ing previousl y tested to 2.0 lifetimes in the C— 5A Expedited Wing Fati gue Tests .  The
condition of the test article following the expedited fati gue tests is fu ll y described in
Reference 3, which presents t he baseline confi gurat ion for the acoustic emission and
crack propagat ion programs.

The test art icle is i l lustrated by the sketch in Figure 1, except th0t it does not have
the leading and trailing edge structure s attac hed as i l lustrated. It consists of a mid-
fuselage section, le ft-hand inner-wing box , center w ing box , right-hand wing box
and right—han d outer wing box in the full production structure confi gurat ion . The
test art icle did not contain the electrical, hydraulic and mechanical sys tems of a f l i ght-
configure d aircraft . These systems are known to produce EMI, cav itation and mech-
anical noise in a fl y ing aircraft , The wing boxes , though fay—surface sealed , did not
conta in fue l tank sealer and, of course , did not contain fuel — conditions which have
been found to affect sound transmissibilit y in the structure . Onl y t he right-hand -wing
was involved in the crack growt h study. The right— hand inne r wing is shown in Fi gure
2 with the rear beam exposed .

Test Areas . In the crack propagat ion stud y program , ei ght areas on the ri ght inner
w ing were selected in which to initiate and propagate fati gue cracks. The ei ght areas
ini tiall y con tdned, in toto, five existing fatigue cracks and 12 art i f ic ial  f laws (shar p—
notche d sawcuts) . The locations of these areas on the wing are shown in Fi gure 3,
including the seven test areas monitored in the acoustic emission program . One addi-
t ional area on the outer wing lower sur face containing no known f laws was selected to
be mon itored as a baseline area. A descri pt ion of each area is presented in Append ix
A.

3. 1 .2 Test Loads

The test article was fli ght-b y—fli g ht loaded to 2000 identical test f l i ghts to propagate
fati gue cracks in the eight test areas , Prior to beg inning the test unit f l i ghts , 100
pre—crack unit flights (identical to the test f l i ghts ) were app l ied to initiate crack
growth.in the test holes having sawcut f laws . Loads were app l ied to the wing by means
of hydraulic jacks and whipple-free/pad arrangements app lied to upper and lower
surfaces along the entire span of the wing . These can be seen to some extent in Fi gure
2.
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The s imulated f l i g ht spectrum is de~ci ~L~ -J h-, ~~~ ‘ uiooram in F~~ j . s  4 The unit H ig ht

spectrum contains o total  of 50 f l i~ ht cyc les onc 0.5  - i rou rr i (c. —V-n O 5 l o ing) cyc l es .
The f l i ght cyc les are d ivided into H s-~ioup- . o f ‘ n e r ’ - o H r r - ~ l / greate r t r ’ n s i o n—t :n ion
loads vary ilg about a constan t mean load . Var iab le  ~‘ s t ~ - f marker loads (Pef e rer ice 5)
were app lied at time ze ro and cf t e r e e r ,  100 unit te s t  (l~~r~~- t . .  The ma i k ’s r  s o c s  we re
of constant maximum amp litude ‘ar- / ing b - t w , e n  t h0 upoe r and u- ic r  limiL of the

simulated f l i gnt spectrum enve lope . The puruo~’~ o f b -  rnork~ir loads -d c - re  to oroduce

“ landmark” str iat ions among fat igue croc k g rcw~ t~ HtHns r0 r ~ t i n~~i~i~ hing ~ :e -crack

growt h increments occurring be t ween each block of 100 f l ½r IL . It should be noted that

the 225 total marker loads contr ibuted to crack gr~~.vt H o I t r ro u~~h these —s n~ inut ion~ i ier ’~

not defined in the fractograp hic ana l yses.  During the later di cussions of crack g r o w t h ,
the contributions from the markers will , ther efore , not be mentioned ,

3. 1 .3 Acous t ic Emission Equi pment

A commercia ll y—avai lable 32-Channel Acou rt i  Emission Source Loca t i on  Sys~em k

use d in the detec t ion , process ing, record ing one ana l ys is of nco j ’ s t i c  em~5Si On events .
This system is capable of simu ltaneousl y monitoring a ‘nax imum of eight o rro ,’s , w i t h

two or four transducers in eacr  array; acc op t ing input dot:: at a rote of more than 3000
events per second; and proces s ing data t eL at a rate oporoxim ct t -s l~ 100 point : ~€-r

second. A block diagram is shown in Fi gure 5 and a pho tograp h of t he consul e is ~ko-wn
in Figure 6 . The t rancducers and basic compo nents of t i - c  system are de L -: r c- ’ - o  fl

A ppendix B.

Dunegon ‘Eride ~co 5750 and D-sV~ 2 t i  ~n:Ju- et s ‘.- r e  u’ed as sensors.  T i  : r  ou ’ cuL w ere
fed in to 40—db gain preamp l i f i e r s  which were - :-: nnocted t o the AE console ‘ r ouq h

100—ft . si gna l cab les.  4 d d i t i - s na l  gain ,o r i c f s i e  from 0 to 60 dec h -I s  t ic: a c , t cn l e

in t he console - T He sys tem comp ut — -r  d - t i  mined time c-f aH-,al d i f f ~ nt io l s  bet - - c - e n

array transducers and pro tided A E c- ~enf data t o  a C PT monitor , to  the e~ec~ inte r and
to t he magnetic to p~ recorder — all c - : ru-un - nts of the A F s~~tem .

3. 1 .4 AE ensOr A~-ays

A .  Confi gurat ions and Insta l l a t ion . T w o array conf i g rii ~ t O r . . a r e  1:-o ssible w i t i :  the
system used -w i t h  H~- supp l ied ~of twar e  program - One k a 7 - t i  af l :JU Cer l inear con-
fi guration and t he :‘,c -orid is a 3 - t r a n J u c : r  e:~ui lo t ra l  t r i r : i i : H -  ~~nFi j j rj t i o n  w t h  a
4t h transducer located in the c uter of t i  - -  t riang le . The - ’: - i i  e ill u~t i c L-r i  in Fi gure
7. The linear ar s ay is u - ’ul wher ’:- al l  o t ’: :  ‘Ial ( I c - i i t s  l~c- a long a ~t :

path. The :-1’ -. t em J isp I ays all si gna ls as f L so ug h the sources Ic: / on t b-c t l int ’ - T -c-

l inear array disp lays the source according tc t hc- t mr: : h f - r e n c e  in ci i  -c l  of ~he si gnal
at t he two transducers.

*Mode l 1 032 , Dunegan- ’Ende- ico , San Juan Cap ist ran o , Cal i f .
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The triangular array is u~c- ful ‘w here potent ial  (I~~ s i tes  may lie more or less in a plane

or can be pro jected onto a plane w ithout losing identit y of the source location . The
2-dimensional characteristics of the triangular array prov ides a means to discriminate
between random structure—borne noise and persistent , Iocc l ized sources of AE because
of t he spatial allocat ion of si gnal disp lay information , T he system disp lays all si gnals
as t hroug h they orig inate on a plane , Le- ,  a plan v iew of the ar ray .  A l l  va l id source
locations ore disp layed in accordance ~~t h the res pect i- te t ime d if ferences of arrival
of the si gnal of the three remaining transducers after arr iv ing ot the f i r s t  transducer
(XDC R), as i l lustrated in Fi gure 7.

The three XDCR ’ s defining the tr iangle apexes lie on the locus of a circle , the center
of which is the center of XDC R 0 and the radius of which is the distance between t H~
XDC R 0 and the othe r XDCR centers . The sys tem a c c u r a c y  at locating :curcCs is greater
wi t hin the circle than outs ide i t .

The locations and dens it y of si gnal source s , -,‘,be t H-e r of no ise or A E , usual 1 y determines
the type of array to be use d, Add itional fac tors  influence the s ice and positioning o f
t he array . These factors include structure acoust ic  attenuation , the pre se nce of joints
and fastene r attachment areas , t he number and distr ibution of H0-1 si tes , and local
structural confi gurat ion . The t ype of array, array size (EDGE distance), and ca l ibra—
t ion value (wave travel between transducers) must be input to the computer for operat ion
and proper process ing of AE data . An examp le of the input data fo rmat is shown in
Fi gure Cl of Appendix C for a l l  arrays. In the f i rst  line , letters A or L identif y w hether
the array is tr iangular or l inear. The EDGE distance is g iven in inc hes in the second
line . The third and fourth lines g ive the time required for AE to travel the EDGE dis-
tance. The format for t yoing t he data on the system te lepr i nter  ~s in Fi gure C2 of
A ppendix C which also contains exp lanations for each column heading -

The transducers were adhesivel y bonded to the structure wi th Hyso l EA 942 1 adhesive ,
Parts A and B, w hich is a quick setting, low shear ~r r e n a t h , room ~em be ratu re  cure
adhes -ye .

B. Triangular Array Charac ter is t ics ,  The triang ular array -cues ~ot - - . h b it uniform
sensit i i it y or detectab i l it y in al l directions in its p lane . F hgu r- - 8 w i l l  be r €- I : ~f ul
in visualizing the followin g points -of discussion. Anal ysis ;how~ t~ - s ~ reg ions near the
apex transducers ,,ill not have reliable coverage because of reduced scnH t iv it y and
greater scatter in tr arigulation c o o r d i n a t e s  of the source . Most  of t t e area ins ide the
tr iang le , c - / c o lt near the apex t ran sd uc e rs  (1 , 2, arid 3) c-x ~~~ t~~~oo~ Jr~o~ct~ bit it y
Also , reg ions outside the t r icn j le bor dering QIOf l : i  the  bi ’sc t or s  OP ex- r ib i t  good
detectab il it y .  A tec hnique use d during the program in-to1 ted arrang ing the array
so that t he three c u e x  t r an s duc e rs  and t ire ,\ E source r t r ’ s t  hole) all lie on a common
circle , -w it h tH source 7 in9 at P — t i~ - intr- r~ eot  ion of a bisector OP and the c i rc le .
This was cal led “ rotating ” the array so tr ia t these condi t ions could be rret . The tech—
nique resu lte d in rel iable detectio n of A E from t i r e  gr ow ing crock , but it could not be
app lied in every test area hI-cau :-e of structura l Umi at i ons or t i~ or’~’sence ~f mult i ple
test holes in the test area .
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X DC P, 4 each

AE SOURCE POSITION (P) IN “ ROTATED ”
POSITION

DIMENSIONAL RELATIONSHIP :

(1,2) = (1 ,3) = (2,3) = 2~

LOCATIONAL ERRO R RELATIONSHIPS:

o ERRO R IS MINIMUM NEAR XDC R 0.
o WH EN 5~, = = 2t , ERROR = 1 .67 - i~

t Ao ALSO , ERROR

FIGURE 8. ERRO R RELATIONSHIPS FOR THE TRIAN GULAR ARRAY
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The triangulation errors are small near the cente r of the array, but become increasing ly
large away from the center . The errors are also larger near the apex transducers and
‘behind” them than at a comparable distance at some point between apex transducers .
For examp le , the triangu lation error is sixt y percent greater at point B in Figure 8 than
at point A, a lthoug h t he distan ces to the triang le center are the same .

C. Program Array Confi gurations and Modifications . The array type , size , positioning
and confi guration were modified during t he program in order to achieve improved source
disp lay characterist ics , greater source location assurance , noise reduction, or experi-
mentation wit h the e f t ec ts  of various structural features such as wing pane l j oints .
Table I g ives the history of the arrays and their modifications during t he program , Note
t hat the 5 initial linear arrays were graduall y phased into triangular arrays . The array
history is descri bed for each area in Appendix D. Photograp hs of the sensor arrays in
eac h area are also included in Appendix D in Fi gures D10 throug h D22 -

3. 1 .5 Transducer Calibration

A ll transducers were supp lied from the manufacturer wi th calibration charts showing
transducer sensit ivit y versus frequency . Sensit ivit y at t he nominal center frequency
of t he S750 transducers ranged from -76 db to -80 db referenced to 1 volt per micro-
bar. The supp lier calibrated the transducers using the ultrasonic calibration techni que
in w hich a putser transducer s coupled face to face with the unknown transducer and
pu lsed . The resulting waveform is compared to that of a standard transducer whose
frequency response is known .

T 1- ’  calibration charts were used to eva lutate the qualit y of the transducers and to
se lect thoce ha.’inq simi lar responses to be incorporated into a given array. Transducers
in an array were , t herefore , “matched” as far as possi ble.

A tec hnique having some similarit ies was used during the program to test the response
of a transducer any time it wa s in quest ion . The output of the transducer was viewed
on a CR1 to determine the relative sensitivit y of the transducer. The D9202 transducers
were calibrated by the supp lier using the spark bar method of calibration. The sensi-
tivit y ranges of these transducers were the same as the 5750 units.

3.1 .6 AE System Calibration

In-Situ Calibration and Functional Checks - Two methods were used during the program
to provide calibration and functional checks on the system . One method used an S750
transducer bonded on the structure within or near each array to transmit sing le or
multi ple acoustic pulses into the structure . When working properly, eac h transducer
of the array senses the test pulses and the system computes the source location coordinates,
counts the ring down pulses , and stores the relevant data in the minicomputer. The CR1
monitor disp lays the array and pulser transducer relative locations and the printer types
the arrival time differentials for each transducer , t he source coordinates , ringdown
Counts, and computer time for functional ver if icat ion . On the basis of these data ,
the system gain controls and software calibration values con be adjusted as necessary

14
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to ach ieve desired operation . This method of cal ibrat ion produces repet i t ive constant-
amp litude pulses and tends to cause t i-c S750 receiver transducers to resonant between
640 and 760 KHz (see Section 3. 1 . 3D) .i.

A second method of calibration involves a proprietary tec hnique developed separate ly
from this program . It provides a sharp r ise—time aco ustic pulse which is input at a
very small po int and close l y simulates crack growt h A E.  The comp lete ly se lf-contained
handheld unit provides onl y nonrepet it ve sing le pulses -whose amp litudes , like AE ,
are distributed stat is t ica l l y abou t a mean amp litude.. This method tends to cause the
S750 transducer to resonare at frequencies between 440 and 580 KHz (see Section
3. 1 .8(D)) . The system adjustment routines are essential l y t he same as described for the
pre v ious method . These two methods have been used throug hout most of the program to
prov ide a reliable check on the calibration and functioning of the system , and to derive
acoustic propagation data .

A third method was attempted but abandoned after a short tr ial  period. It involved
bonding a 1” x 1” x 4” cant ile- ter—beam stress corrosion specimen to the str ucture and
act ivating it wi t h a sal t -wat er solution . The chief advantage was that it produced
real crack growth AE , but had the disadvantages that: it required bonding to the
structure , its large contact area (1 sq. in.) prohibited high source locat ion resolution ,
and the s i gnals were ran dom in t ime and amp litude and could not be caused to appear
at the moment desired.

3. 1 .7 Admiralt y Materials Laboratory AE System

The AE Instrumentation from Admiralt y Mate r ials Laboratory, Eng land, was instal led
during the inspection period fol lowing the 400th unit f l i ght and pr ior to start-up for
flight 401 - The system ’s logarithmic amp l i f iers are shown in Fi gure 6 atop the 1 032
AE Flaw Locator cabine t . The AML transducers we re instal led on a 1—inch wide lip
on t he aft edge of the rear beam cap in Test Area 3 at inner wing box r ib station 401 ,
lowe r surface , ‘-is shown in Fi gure 9. The transducers were instal led in paral lel wi th
the 2 transducers of linear array 3 of the 32—chcnne l sys tem . The si gnals from the AML
transducers were input to the 32-channe l syste m for approximatel y 100 unit f l i ghts out
of each 400 f l i ghts to provide a basis for comparison .

The Admiralt y Materials Laboratory systems cons kt of two 60 to 100 db variable gain
logarithmic amp l if iers , two 1 00—ft lengths of supershielded transmission cables , and
two specia ll y desi gned high-Q transducers . The si gna ls from the AML amp l if iers are
route d into the primary 32-channel AE system and from there on the operation is
identical to that described in lection 3 .1 .3. lince each AML amp l ifier can process
onl y one trans ducer input , t he system w as operated as a linear array .

3. 1 .8 Special Tests

A. AE Sensit ivi t y Tests . To determine the amp l i f i ca t i on  needed to de tec t  crack
growt h acoustic emission (AE) in 7075-1651 1 aluminum alloy, a pre f lawed coupon
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specimen of t his material was fat i gue cycle d to f: i lure and the AE monitored in the
frequency range of 500 KHz to 1000 KHz . Total -io ltage gains of ó5 to 80 db were
found to be sufficient for re l iable detection w ithout overamp lif y ing bac kground noise .
This was consistent with Lockheed’ s exper ience from past programs . The Dunegan/
Endevco S750 transducer was used in the sensit ivi t y test .

B. Acoustic Attenuation in Structure . Tests were conducted to obtain data for use
in determining the maximum size of array that could be used on the X993 wing speci-
men. The signal loss in the structure , structural mem ber dimensions and array con—
ligurat ions are constraints tF-c t tend to limit the size and pos itioning of the arrays .
Signa l loss in the material is an intrinsic propert y, and the structural member dimen-
sions are fixed by desi gn. Hence, array confi gurat ions tend to be limited by the
structure itself rather than by inherent properties of the AE equi pment .

The si gnal loss in the material was measured along wing planks and across wing plank
joints at several locations. Signa ls were introduced into the material throug h t he use
of each of the calibration methods described in Section 3.1 .6, and we re detected ct
precise distances using two rece iver transducers acting as a linear array in the 1032
system . Signal levels were noted in terms of ringdown counts which are reloted to
signal amp fltude . A correlation curve between ringdown counts and system gain (in
decibels), shown in Fi gure lO,was used in determining the loss between any two loca-
t ions on the structure .

Attenuation is not a smooth function of distance in the structure , but is affected
strong ly by reflections from edges, fastener holes, r isers , and other features. Atten-
uat ion across joints is also affected by fasteners , lap area, var iations in sealant
adhesion and thickness , and possibl y ot her factors . Because of phase interference
and reflections , si gnal levels can increase or decrease greatl y over a very short dis-
tance . A sing le attenuat ion value taken at a g iven distance or across a joint then
becomes a lmost amb guous, for a second measurement very near the same location may
y ield a considerabl y different value . It is ofte n sufficient under these conditions onl y
to determine that the si gnal can be reliabl y detected between two points or to deter-
mine the average attenuation between the two points as an aid to adjusting the gain .

The signal leve l over a 2- foot distance along a pane l does not drop appredabl y .  The
greatest attenuat ion measured at a 4-foot distance in area 9 was less than 9 decibels,
Attenuation across joints was measured at 11 to 16 decibels between outer .v ng box
p.”ne!s 3 and 4 in test area 9, 3 to 4 decibels between rear beam cap and inne r wing
box pane l 1 in test area 3, about 21 decibels between inner Wing box panels 4 and 5
in test area 1, and 9 decibels between center wing box pane ls 1 and 2 in test area 4 .
The wide variations in attenuation are due to many factors related to the joints. The
low attenuat ion value obtained in test area 3 is probabi y relate d to the wide lap joint
conta ining two rows of fasteners as opposed to the narrow , one- fastener-row joints in
the other areas .
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C. Time Delay Across a Joint . In addition to the si gna l losing intensit y when it
trans its a joint , a t ime delay is also experienced . The time differential in area 9
was measure d to be equivalent to 1 — 1 1 / 1 6  inches of metal t rave l .  In are a 1, it
was measure d to be equivalent to about 1 inch of metal t ravel .

When a triangular array is positioned so that it straddles a joint , t he attenuat ion and
time delay caused by the jo int requires compensation in system gain and a compression
of the array dimensions toward the joint. The array must appear to be an equilateral
tr iang le in the time domain whether or not it reall y is in the geometric dom&n. Each
transducer channe l should also see the signal at comparable ampl itudes.

D. Transducer Resonances. A study was made of the operating resonances of the
installe d S750 and 09202 transducers used to sense AE events during the 2000 unit
flights . Simulated si gnals from a S750 pu lser trans ducer and from a simulated AE source
were input alternatel y near each transducer in areas 2, 5, and 6, respect ivel y, to
perform this study.  The resulting waveform s were viewed and photograp hed on a
storage osc illoscope and the resonant frequencies contained in the high—amp litude
portion of the waveform were computed . Figure 11 shows typ ical waveforms photo-
grap hed from each array and each type of AE source . Observed frequencies are listed
in Table 2. Other observations are:

(a) The comp lex wave forms contained 2 or more resonances.

(b) The resonance had a dependence on type of source , i .e, pu lser vs
simulated AE si gnal ,

(c ) Resonances for a g iven trans ducer did not necessaril y repeat from
t ime to time .

(d) The S750 transducers typ icall y resonoted between 420 KHz to 560 KHz
for the simulated AE si gnal and from 700 KHz or above for the pulser
induced AE . The D9202 transducers resonated between 420 KHz to
580 KHz for simulated AE si gnal and from 580 KHz to 760 KHz for
pulser- induced AE.

A further understanding of transducer resonance was attained throug h stud y of the trans-
ducer response curves. The 6 db po ints on the transducer response curves for the S750
transducers are generall y at 550 and 950 KHz and for the D9202 at 380 to 650 KHz .
Between these frequencies there may be one or more peaks at which the transducer wi l l
Osc illate , depending to some extent on character istics of the source A E. Filtering of
low frequencies k achieved both by the transducer and the preamp lifier. The trans-
ducer is essentiall y a bandpass fi lter having a sensit ivi t y rol l-o ff of 12-16db octave
on e ither side of the peak so that at 300 KHz the sensit ivi t y is reduced by at least
8 db. The pream plifier has a high-pass fi lter which attenuates si gnals 48 db per octave
below 350 KHz . The result of the transducer and preamp lifier frequency response and
filtering is that si gnals below 300 KHz have l i t t le likelihood of being processed by
the system .
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TABLE 2

TYP I CAL ACOUSTIC E-Vd 510- N AN~~DIJCE~ O P E - A T I N G  ~~~~~~~ CE:
C - 5 A  Y 2°? T E ?T A nT ICLE

Transducer - 

Resonant Frequency AE
S N T ype * KHz Source Lj ca t io n

I 

**ACO8 D9202 580 S750 Transducer ,A Ie a  2

Ac08 0c202 480 ‘ AE Simulator Area 2

4C05 D9202 500 AE Simula t or ‘~“c 2

A C C ’~ D~2O - 530 -~E imu !n ’~~- 2- - -� -n 2

4C 15 D9202 560 AE Simulator Area 2

ACC4 D9202 - 480 AF Simulator Area 5

A B29 D9202 720 
- ‘~ S7 50 Transducer Area 5 

-

AB29 D9202 400 AE Simulator Ar ea 5
A d O  D9202 420 AE Simulator 

I 
Area 5

AB83 D9202 - 500 AE S imu la t o r  Area 5

4B83 D9202 520 AE 5 i muTa ~-)r 4 r - ~ 5

750 700 A E 5 i m u l - ~~ ,r 
~~~~~ ó

S7 50 
- 

740 75-2 Tmnsd -~~e’ ~ -

44-4 S7 50 560 ~ E Simulator .2-ea ~
2~3 S750 .60 AE Simulator A r e c  D

~ 47 37 9-? 540 A E Simula to r 4 r€ ’ a ~
-

~47 75~ 420 A E Simulator A r c  ~

• Dunecon Ende ico Models

,i j r  dr Len  a ’ ~ uLc ~-o~- H - ~n r-~- - oF 1 000 cul es ::‘~~
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3.2 F’<PERIMENTAL RESULTS

3.2. 1 Summary of P ro’j ram Data and Data Anal ys is Procedures

A. Program Data . Acoustic emission data proces sed from the 32-channe l system
during the fl i ght—b y- f l i ght loa d cyc les were recorded on magnetic tape ca ssette s for
future reference and anal ys is .  The data were also disp layed in real time on the CR1
mon itor in the fo r-rn of event histograms ,. r ing down count histograms , and array data
point disp lays . Paper hard cop ies were made , on comman d, of any desired CRT dis-
play . Numerical data could also be typed out on the system teleprinter in the format
and content shown in Fi gure C2 of A ppendix C.

During 2100 unit f l ights , acoust ic emission si gnals were observed and recorded from
12 of the 16 test holes mon itored , Three nontest locations , in addition to the test
ho les, em itted repeti t ive and pers istent acoustic emission to the extent that crack
growt h was suspec ted . The AE test data col lected during the tests include:

a. 60 cassette tapes containing comp lete information on the AE events.

b. 1700 hard—copy paper printouts of the AE event data as disp layed
on the CR1 in real time .

c. A dail y laboratory log to fa c i lTt a te correlation between the fati gue
test ing and the AE data and other information.

In addition to the se data , test art icle load and visual crack growth information was
read ily ava ilable at any t ime, Fractograp hic crack gro w t h data ~“ere ava ilable upon
comp let ion of each f ractograp hic evaluation ,

About 85 percent of al l f l i ghts were monito red during t he program; therefore , A E data
are not ava ilable for all f l i ghts . Personnel were not cvai lab le to man the AE system
on a 3-shift per day bas is , The missed f l i g hts probabl y do not si gn if icantl y affect the
information concerning acoustic emissi on sources , s ince the percentage ~f f l ights
-w hich we-e monitored is suff icientl y high to reveal practical l y a ll the act i’ íe sources
and information about their relat ive act iv i t y .

B. Anal ys is Procedure . The A E data were anal yze d by us ing the Post—Test Ancl ys is
Program (PTAP)-VTS—C2 and the system computer to extract prescribed data from t I
data tapes. The PTAP is stored in the computer , t hen additional information , machine
time period of interest (f l i ght number) and desired y-va r iable (counts or events) are
input according to one of the format s shown in Fi gure C3 of Appendix C. The sto red
program processes t he information from a particular data tape w hich is played bock to
the computer. The result is an x-y bargrap h disp layed on the CR1 monitor showing the
total counts or events (y—ax is) vers us machine time (x -ax is ) whi le the data were taped.
When comp lete , the bargrap h can be recorded on the pape r hard-copy machine which
facil i tates correlation to the f l i ght load chart referred to pre iiousl y ~s Fi gure 4
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Such information can be extr acted for any array if the AE source coordinates are known .
c 101 J in n t ec  fe r t k e test holes and othe r locations of interest were determined during

the pie - iOUS cal ibration act i  i i t ies and recorded for use during t he anal ys is. Each test
hole w I l e le  ~\ E ac t iv i t y ‘was seen during the f l i ghts wos interrogated throug h the PTAP.
Acoust ic era iss ion data correlation is made to the fl ght spectra and the fli ght spectra
k c or r e l a t ed  to fat i gue crac k growth throug h fractograp hic examination .

)-~ta  extract ion from the tapes is accomp lis hed entire l y w ith the AE source location
:fl~tr umentat ion using its computer , software , key boar d, and cassette recorde r, real-
time C~ T disp lay unit , and hard copy unit. Before anal ys is could be accom plishe d in
-an e f f ic ient , mean ingful manner , howe ver , it was necessary to set up a systematic

r o c o - iur~- for pro Per l y interrogating the tapes for extraction of categorized data .
Since a tape  may conta in an uncertain num ber of f l i ghts , instrumentation stops and
-~ -t rt -u ps , interrupted machine clock t imes , and othe r variables , the anal yst must deter—
m a e  the general contents of the tape and the ranges of the anal yt ical variables.

is ~orie by referring to t he dail y data log made during the fati gue tests and by
c la-/ ing the I-apes back to note -where the “ landmar ks ” occur.

The oroce duro set up for c haracterizing the contents of the tapes is an important step
hr ~--o t~ t -a l data ana l-/ sis routine and is g iven in Appendix E for refe rence .

- - ~t e r  o H faces ha—i e been characterized using this procedure , t he ana lyst has a corn —
p i e ”-  -~ mr~ilation of information about the contents of individual data tapes. He is
t ise rr’ f o r~- ~hIe to select any tape containing a f l i ght or f l i ghts desired to be anal yze d.
1:’ ,:.~ -1ata ‘~v ithin those f l i ghts con then be ef f ic ient l y extracte d and p lotted in terms
of ,1- E - 

~ounts or “ events ’ for any trans ducer array or test area.

3 2 .2 y s k ’r n  Operating Parameters

One our : ose of tHs program was to dete rmine the operating paramete rs suitable for an
‘-r i :Fsorr ’~ cico’j st ic em ission f law detector , pursuant to deve lopment of such a sys tem as
an ult imate goal . Among t hese parameters are , chiefl y:

(1) tronsducer t ype and frequency
2) HF- fa ct ion threshold

(3) system gain per channel
(4 , transducer array con fi gurations
(5; structural  l imitations
6) - -/ stem character ist ics — electronic processing, no ise suppression

and data handling

The f i r s t  f i’e items were evaluated during the program . Onl y general izations about
Hes iraLi e 5-1~tern c haracter ist ics can be made presentl y relat ive to Item 6, Specific
c har acter i- : t i cs of an airborne AE f law detector sys tem are yet to be formulated because
tLi-~ demand for such a system has not been real ized to the extent that definite desi gn
qoal s ex is t .
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Transducers . The two t ypes of transducers used during the program (S750 - .~nd D~t202~
which are described in Sections 3. 1 .3 and 3. 1 .8D, were of f—th e-shel f  comm e rcia l
un its for general purpose laboratory or non-se vere env ironment app l ications . Their
operat ing frequencies are roughly the same and seem to respond from 4dd to
580 KHz . Areas having relativel y high structure- borne noise levels such as t i e  n i i t —
beam area may requ ire operation in the vicinit y of 750 KHz . The sensi t iv i t ies (about
80 db/microbar) of these transducers are adequate for aircraft use and the D9202 modLis
exhibited a 10 to 16 decibel greater sens it ivit y to s ignals and noise in the areas ‘ihere
both types had been installed . The differentia l models also suppress EMI transients .

N~~t her of the transducers should be used, as is, on fl y ing aircraft because the-,’ are
not “fl ght hardened” . Experience from related programs at Lockheed shows thot  air-
borne transducers must be hermetiall y seale d and “hard wired ” to eliminate f F 1 - ext e rnal
connector. These are minimum requirements for airborne transd ucers .

System Gain . It is desirable that the gain of each channel be independentl y o d j us t - d - ’~.
to compensate for sensitivity differences among trans ducers , suppress no ise and com-
pensate for si gnal losses across joints. For a detection threshold of 0. 1 -j o l t  in ~~
si gnal process ing section , a total voltage ga in of at least 70.5 decibels is required Hr
detection of a 30 microvolt signal appearing at the transducer output. Since e lec t ron ic
noise generated in the preamp l ifiers is usuall y about 6 microvolts , total ga ins aho -e
85 db greatl y decrease the signal/noise ratio at the 0.1 volt de tection threshold .
With that gain, the detection thresho~d must be increased lo improve the si gna l ,’noise
rat io. Such hig h ga ins are practical onl y when the str ucture—borne noise le ie l s  are
very low .

A channe l fixed gain of 40 db was provided by each pream plif ier ,  Additional gain
adjustable from 0 to 60 db was available for each channel in the si gnal condit ionin~:
sect ion . T yp icall y, these were set for 26 -ib to 40 db of additional gain. The- lu-v
ga ins were generall y selecte d for high noise areas to re duce I-he noise back ground an i
amp lif y the highest AE si gna ls. The more sensit ive transducers were operc :teo c low e r
total ga ins. To reduce noise effects , ga ins for arrays in the high no ise areas vc re  ~er

relat ivel y low (68 to 72 db, typ ical). In moderate and low noise areas , ga ins were
at higher sett ings (74 to 80 db, typ ical ),

The four transducer channels in the triangular array we re often operated at d ifi - r- :-nr
gains vary ing from 2 to 6 db to compensate for differences in channel sensiti .‘ it y (due
to trans ducers and coup ling ). Equalization in output was accomp lishe d by ad j u- f ing
t he gains to get the same audio output from each channel using the AE system ’ s audio
mon itor described in A ppendix B.

Detection Threshold. The purpose of the detection threshold set t in g is to block noise
and superfluous low—level  acoustic emission. Even without structure-born u noise pro-
duced by test or f l i ght loading, the preamp lifier itself produces an rms noise of -abo: rt
6 microvo lts. For re l iable ~AE detection, t he threshold is set to a value which - s i l l
block most of the noise while passing sufficient AE si gnals to prov ide information about

25



tpe source . For a g iven thres hold setting, t here is a unique gain for which si~ ncls
of some o~ecif led rainimum amp litude can be de t ec t ed . The threshold was ad iu s tab le
in our A E system by means of a 3-turn limited lO—t urn potentiometer w hich provided
~e lea t i - s n  -1f t~-reshoI d settin gs From zero to 3 vo lts . For most of the testing, this -was
set betw een 0.2V to 1 .0’i .  Since a sing le detection threshold adjustment in the AE
system contro ls t ne detectable si gnal leve l for all 32 channels , t he threshold is not
ndeoerident l y ad~usta ble Hr each c hannel . Therefore , it ‘was not possible to optimize
‘ ‘c gain and ‘ hr c-s r-e lcj to ac h ie -,-e the best si gna l-to-noise rat io  independentl y for
-~oc H array . Instead , t he threshold was normal !-1 adjusted in an emp irica l fas h io n to
achieve acceptab le results for the array in t he noisest area , The channe l gain contro ls
were a lso adjusted independentl y to ac hieve good AE detection . Since noise is not
constant over an aircraft structure , it is desirab le to incorporate separate threshold
adjustments for eac h array.

4 r-o ’/ Size and Confi guration. Ex pe rience was gained during I- he program with a
v a r i e t y of array s izes and conf i gurations whic h ‘were described ond i l lustrated in
Section 3. 1 .4 . Summarized , these inc lude:

1 . Linear arrays from 9 to 39 inches long.
2. Tr angular arrays for 8- to 48-inch EDGE distance .
3. Triangular arrays straddling a sing le joint , wit h one or two trans-

ducers opposite t he f lawed ,riember .
4. Triangu lar arrays w ith one and two double-row of fasteners

intervening .
5. Triangular arrays positioned so that thc test hole is at a precise

location wi t h respect to the other transducers ;~ .g~, ar -a- / is
“ rotated” about test hole as described in Section 3. 1 4B).

6. Triangular arrays divided by integral risers w i th  the defect in
t he riser .

The small arrays tend to exhibi t  considerable scatter in their source location disp lays .
The l a r 2 P r  arrays tend to reduce scatter , but reduce soatia l resolution also . The
tr iangulor arrays pro-ied to be the onl y pract ical confi gurat ion for use on the test
art ic le since it can pro iide two .dimensi or’ia l information about source location . Even
along purel y linear structural Feat ures such as a joint or a row of fasteners , the one—
dimensiona l linear array �‘as not adequate for rel iable detection and location of
crac k growth . The reason for this was that structural noise coming from n~or b-~
reg ions of t he structure often made d i f fe r ’ n t i a t ion  bet - se en noise and AE very unreli-
able.

Structura l Facto r - . Stru c ’ural :i-’-ar o c ’e’ t ics ore He lr- 1-ctes t l imit ing factors for AE
transducer array s ize and ,~~~“ . ‘ - -j c tu ra l m”mt~-r s such as wing paneL and webs are
long in one direction , hu~ re l i t i  /“ i / n a r r o w  o w idH (about 20 inches Hr win g panels) .
E-ien in the long d i rection , t~ ey are d ,ideci periodicall y b-, rows of fastener s . Our
exper ience has shown that panel j oir,~ -‘rid row s of a. t e n - - i s  s c a t t e r  and attenuate AE
si gna ls and probabl y pro duce wa ,e “ -

~~~~ :. ‘ ; n - a ’ ’ hons . T u e  s i ze  of the array, therefore ,
becomes restr ic ted.
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T he 48—inch triangular array approaches the largest triangular array size that can be
accommo dated on the -wing skin structure without straddling more than one plan k
join t . Two ~oints would requ ire a gain compensation (increase ) of 22 to 32 decibels ,
w hich would prohibit ivel y amp lif y structura l noise whi le losing si gna l amp litude
throug h scatter at the jo ints and fasteners . Having a joint within an array may actual l y
be beneficial due to its abil i ty to blo ck low leve l noise from some sources , providing
I-he amp lification can be kept to a minimum.

The plac ing of arrays to accommodate structural features while moint~ ining the array
phys ical requirements is illustrated by arra y modifications made to monitor the Final
800 unit f l i ghts (1201—2000 ) as described in Section 3. 1 .4C. The array confi gurat ions
and their positioning were made simp le as possi ble at the start of the program to test
t he feasibility of the monitoring system . As the program progressed , t he arrays were
modified to test more comp lex s ituations and to evolve more practical arrays to accorn-
modate structu ral features. F rom these experiences , it appears that sufficient ie rsa—
tility ex ists in a system of this type to permit monitoring of a great variet y of comp lex
structure w ithin the airp lane .

3.2.3 Discussion of Crack Propagation Resu l ts

A.  Crack Propagation Summary and Anal ys is Method . Test holes initiall y containe d
ex isting fati gue cracks or 0.05 or 0. 1—inch sawcut crack starte rs made either at the
conne r of the hole or through the ent ire hole wal l .  Crack propagation dur ing the test
program was measure d from the bounds of the initial pre damage cond itions at the hole
and is g iven in Table 3 in dimension s along the surface (S) or along the 45 degree line
(45 ) extending from a hole corner. Table 3 summarizes the initial conditions at th e
test holes and the f inal crack growth dimension contributed by tes t loa ds app lied during
the program . The crack leng t hs for all test cracks except 8N, ~A, and lB include also
growt h increments induced by additional loads app lied following the 2000 tes t f l i ghts .
The leng th given for test cracks resulting from initial fati gue crac ks is the total crack
length s ince the increments added during the flight tests were not determined in all
cases.

Crack dimensions we re determined by cutt ing and breaking the test pieces open along
t he crack plane direction and photograp hing the fat i gue crack surfaces along wi th a
0.01—i nch division scale . A direct comparison of the photograp hed crack surfaces
w ith the scale provides a reasonabl y accu rate measurement of total crack s ize.  W here
fat i gue cracks ex isted pr ior to start of the tests , an electron microscope was use d to
determine the position of s I- niations produced by t he f irst marker loads app lied at the
beg inning of the tests.  Crack extensions ‘which occurred during the program are thus
determined .

~~~. t r ~ ct egr~phic Ana l ys k of Te s t Crac k Surfaces. ~ total of 1~ fastene r te s t hôe ~
were se lected in rifle test areas on the “993 right wing to stud y fati gue crock prona-
gation in the crack propaga tion program .
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TABL E 3
S U M M A R Y  OF /903 C2A C K PROP~~G4T ION ~ ND A E P~-OG~5AtA TE ST A P E S S

T EST TY PE ~~~  
°
~~~~~~~~~~~~~~~~~CC~~~~~~~t .’ A F

TE S T AbE .A ~1OLE PRED AMA C- C~ 4C t- O-- - i’ A T H , (N . CA T ELic -~ Y

A Thru Cut .05 , F 0 .S á S iS)  F- Array 0
B Thru Cut . 10, F & A  0.362 S) F
C Thru Cut to F Edge

2 D Jhr~ Cur .05 U 0.087 S) U Arr c-/ 1~E Exist ing Crack , U 0.22 8 45~ A - í a 7 7
0 Ex is t in g Crack , U 0.303 (43 0 Array 1
P Exis t ing Crack , U 0. 125 145 °(

Ex is t ing Crack , U 0. 133 (4 5 e 
-

3 F Corner Cut .05 , A 0.035 4Y1 A
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One of these , 9R, was added during t he test program and was not moni toned for A E
Another test hole reg ion, 8N, was remove d from the test structure for anal ys is at the
end of test f l ight 1200, and the fractograp hic/AE history For this one was f irst reported
in the Second Quarterl y Progress Report .

Fractograp hk examinations were made on the crack surfaces to anal yze crack growt h.
Generall y, lox to 300X binocular microscopes , scanning electron m icroscopes (SEM),
and transm ission electron microscopes (TEM) we re used to determine crack growth
histor y and to make crack grcwth measurements . An x-y microm e te r stage was use d to
obta in macromeasurements with the binocular microscopes. Micromeasurements per-
taining to specific propagation events were obtained with the SEM and TEM . The TEM
was used to record the fine spacings between marker loads . The SEM was used to
locate t he transition between major t yp es of loading.

Corner cracks were measured along three direct onst ~ 45
0 l ine start ing at the hole-

to-sur face corner and bisect ing the hole and surface apex , along t he surface axis and
along the hole ax iS , Throug hcracks were measure d along one or more lines running
parallel to t he surface ax is. Summaries of crack growt h at each test area are g iven
in Appendix F.

In-test crack length measurements were made of each test crack apeniodicall y, af ter
every 25 to 75 unit test f l i ghts. W here possible , t hese measurements were made ‘Js ing
an accurate tr iangular technique . The techni que descri ption and the Final results of
the measurements are given in Appendix G.

C. Examination of Non-Test Areas . Two (2) non—test track suspect areas existed in
test area 4 and one (1) non—test crack suspect area existed in AE test area 9 . These
suspect areas we re calle d 4A , 4B, and 6A in previous reports (ÔA wi l l  subsequentl y
be cal led 9A) . In each case , portions of the structure antici pate d to contain the
suspect are a were cut from the X993 wing test art ic le following comp let ion of all
fati gue and residual strength testing programs. The probable source locotions were
determined by app ly ing simulated AE signa ls at various points on the structure until
t he simulated coordinates coincided -with the coordinates actuall y rece ived. Thoroug h
visual and NDT inspections were pe rformed in the areas prior to removal .

Suspect Areas 4A and 4B - These areas were assumed to be in the cente r wing porte1
No. 3 in a reg ion adjacent to the ‘~V .S. 120 join t and the pane l No. O/ pane l No. 2
sp lice . This assumption was based on the si gna l coordinates provided by the AE in-
strumentation , I- he re la t ive l y high AE act iv i t y and the AE amp lih.’ des experienced
during the test f l i ghts . This indicated that the suspect f laws were in the same piece
of structure upon which the array transducers we re bonded, as opposed to being in an
adjacent fay ing member.

S ince this reg ion was bur ied between inner and outer sp lice straps , NDE was not
accomp l ished until the sp l ice straps were removed. An automatic edd y current bolt-
hole scanner was used to inspect holes along the W .S .  120 and Panel 3/2 sp l ice . No
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crac ks were Found , A 5 ’  x 6” sect ion of pane l 3 containing t he suspect holes was
removed for inspection in the laboratory . The diagram in Fi gure 1 2 shows where the
mater ial was removed f rom panel 3. After  a thoroug h cleaning, the sect ion was ob-
served under a 30X binocular microscope , part cu lar l y along the corner edges of t he
bolt holes. No fat i gue damage was visible at the hole edges. The section was then
cut into five p ieces throug h the bol t holes to provide access for more sensitive NDI.
A careful f luorescent penet rant inspection using Magnaflux Z L—22 perietrants was
per formed on the inside hole surfaces with magnified (2Ox) viewing to search For /ery
small hole surface cracks. Fi gure 14 is a photograp h of the section of pane l 3 showing
where I-he cuts were made throug h the holes to provide inspection access . No crack—
like indications were seen on any of the hole surfaces , Of the several components in
t he W .S .  120 wing joint build-up, onl y the panel was g iven a detailed inspection for
cracks.

Suspect Area 9A — Persistent local ized emissi ons in AE reference area 9 led to antici-
pat ion of a suspect crac k in outer w ing panel No. 4/ panel No. 5 sp l ice near O’.-V BR
Station 116, Visual and eddy current NDI were performed in the area as wel l  as at
other potential locations of this source sever al times during the final 800 test f l i ghts .
The AE simulator was used in an attempt to define the coordi nates. A definite source
for t he emissions could not be identified by these means , Fol lowing comp let ion of the
structura l tests , a port ion of the wing planks contain ing the panel 4/pane l 5 sp lice
joint was sawed out for more intensive inspection . Fi gure 13 is a diagram of the oute r
wing area showing where the section was removed. Fi gure 15 contains photograp hs
of this section . Careful visual , eddy current and fluorescent penetnant NDI were per-
formed on this section in the laboratory vitho ut f inding crack indications in the
imme diate suspect area . Finding tiny cracks was the object  of this investi gation .
Respective of the l imitations of the NDI methods used ~n t his case and the case pre-
ceding, no cracks were de tected . An old , stop— dri l led crack ( initiated during the
previo us 2—l i fetime testing of X993) was discovered at point U in Fi gure 15. No
add itional growth could be dete cted at this crack , but the possibi l i t y ex ists that the
fret t in g of the old crack surface produced the stead y emission identified as sus pect
9A.

3.2 ~4 Discussio n of Acoustic Emission Results

Acoustic emission (AE) data were extr acted from the data tapes using the data reduc-
tion proce dure given in Section 3.2 .1B. The AE sources we re identif ied in real time
dur ing the course of the program .

A source is defined as a small confined reg ion denoted by definite geometric (one or
two dimensions) coordinates in which there is a persistent emitte r of A E si gnals. The
em issions need not be constant , but persist ent over a period of several fli ghts . For
sources re lat ivel y low in act i - i i t y w hi ch provide onl y one or a few emissions c--~ent s~per f li ght , many f l i g hts may be needed to prove p e r s i s t e n c y .  AE si gnals w hich ar r i ve
randoml y w ith respect to space are not regarded as a source as defined above . Co-
ord inates denoting a source are usuall y broad enoug h to encompass the spatial scatte r
th at character ize emissions fro m the source .

30

- ‘ --.‘,--

~

— - . — a . . .  — - . - - . . -  --



— — — 
~~~~~ ~,j  ~r -

~~ I ’ j ’ . ~~~~~~ - - - - - 

~~- - ~~r-. ~~~~~ ‘I, j
/ 

~~~~~~~~ ~~~

- s~~~~i r ~ AGFA - 

~~~~~~~~~~~~~~~~~~~~

AE XOC P -- - 

-

- ,~~~~ ~~~~~~~~~~~~

TFST ~~~ .4o .. ‘

~~~~~ ~~ ~~__iw 
~~~ :~: •~

P
~~~P :~~~~~~ A ~~IJT±

~~~~~~~~ ...~r ~
V,!,,.J LX~7~~G L P

FI GURE 12. SECTI ON OF A CENTER ‘N I NG (TEST AREA 4) REMO - ’ED TO
INVEST IGATE PRESENCE OF SUSPECTED CRACKS

- ~—A ~ x o C e 
~~~~~~OW ’~~~~ 

/ 
AR r~a-~, ~~~~

, l i ta
O W .  PA N E L  3 - -.. 

~~~~~~~~~~~~~~~~~~~~~~~~ 
_ .__. ...

: ~~~~
- --- - : - -

\,_ a -
-

:~~~~~- -- 
~- 

Q. W P A ~~EL 4

\
\ ~;—~~L ~ A

\ _ _ ‘ STR LICTL’RE REPIOVED. F~~R EXA t~’ ,_ -A Tf .~~.

O~~. PA ’ -~~ 5. 55... • •  , • • . .  . . .~~~~, o 1

( : , .
~~~~.. Vie w ~OOI~i’~~ L~P

~~ WD

F I G U R E  13. SECTION OF OUTER WING (A E TEST AREA 9) REMOVED TO
INVES TIGATE PRESENCE OF SU SPECTED C RAC K

31

* —— - -—..- - - - . -~a - -a- ’ - ‘ .  - - — - - -- -



I-)

U

uJ 

—

4U 

()
0 

- z
I—
z

~~~o,5 

o

- 
‘ — 4  

U
“W I 

~~~~~~~~~~~~~~~~

‘ S J )~~~ 
— - ,

~~~

.. ‘
• 

~~~~~~~ 

4U V) 

‘

ii
_ _ _ _  

-

- 
.—

p 

~~~:

U

1. ‘ 

~~~~~~~~~~~~~

_ _ _ _ _  

;: 
~~~~~~~~~~~~~ - 

~
ir
~

32



I L) ‘- -~ ‘~ 4‘0 t- _ ,~~~~~~~~~~ ‘_)

‘
~~~~~~

.
< 4

• , ,- - 
- .

- ‘W ’ ‘~

‘‘ 1 . — - , ~
- ‘i’ ~~,_

• ‘! 
-. ~~~~~~~~~~~~~~~~

• ‘
- ~~~~~~~~~~~~~~~~~~~~~~~

• —.---- ----— t - -
~

• ~~ ‘

( 

I

~~~~ 
a 

~~~~~~~~~~~ 8
_ _  ~~~~~~~~~~~ 

,
-‘
~~ :~~

~~~~ I
~ ~;* ~~~~ !‘ - c ~~~~~ r~~~ 

‘ 

~~~ . /

c~ 
-
‘ V ”  - - 

0
-..—I •‘

~
_

~ 
- - I 

~~~~~~~ L~ .

~~~~~~~ L’~~• rr ~~
-
~~ 

-

_ _9 -

- - 
-
~~~~~~

- 
-

- I  
~~~~~.. ~~~~

-. - -
.. 2

~~~~~~~~~~~~~~~~~~~~~~~~~ : ~~~~~

‘ 

~~~~~~~~~~ ~~____ 
S I

33



T he seven ~“-~t areas rncn i t o r ’ rd  - n the ‘(~ 93 ri ght Ning during these tests contained a
com bined total of 16 te -~t holes . Fractograp hic anal ys is has shown that crack growt h
occurre d in all but one of these holes during the 2100 sim ulated f l i g ht s .

Since tb~ ho les were anal yze d after additional load tests had been made on the test
ar t ic le fo l lo w ing  the 2100 simulated f l i ghts , t he cracks contain growth contributed by
these subsequent loads . This report , howe -icr , does not present acoustic emission
resu lts obtained from the additional load tests . Many experimental changes to instru- -
mentation parameters and transducer array confi gurations were made and observed prio r
to fl ight 801 .

Table 4 is a summary of the relative acoustic emission act iv i ty from each test hole as
received t hroug hout the program . The a c t i - i i t y is given for the type of array used and
for the f l i ghts monitored by that array . It should be noted that since some of the earl y
arrays were highl y ex perimental , AE act iv i t y indicated in the table was not ne cessaril y
regarde d as posit ive detection of crack growt h --vi tnin the array. Hard copy presenta-
tions of acoustic emission detected from test croc ks during fli ght loading and AE simu-
lations made of test holes are g iven in Appe ndix H.

Discussions of the AE results from each test area are given in Appendix I,.

3.2 . 5 Correlations of AE with Crack Growth

A. General. Acoustic emission data must be related to f law growth character ist ics
f it is to be used as a nondestructive evaluation tool. First , the flaw— produced AE
must be detectable. This means that factors such as str uctural access and geometry,
system capab i l i t ies and sens itivit y, and back ground noise levels must be favorable for
detect ion . Secondl y, for maximum usefulness of the data , it should be relatable to
t ’-e amount of f law growth and to flaw growth rates. Of course , it is not possible in
al l case s to achieve both; but, obviousl y, detection is a definite requirement. Corre-
lation to flaw characterist ics is then a goal that may be achievable by optim izing the
test conditions.

B. Detection . Detection is the col lection , processing and disp lay of AE data in such
a manner that the emissions can be recognized as coming from a defin it e source . The
em issions must be persistent over son-ic period of time or load cy cles , localized with
respect to space or geometry, and separable from random noise . For verif ication ,
t he emissions should be traceable through cal ibrat ion procedures to a structural featu re
w here Flaw growth is l ikel y to occur.

The presence of cracks and sawc uts at known locations in the large , comp lex structure
prov ided a test bed to observe characterist ics of the si gna ls from grow ng cracks. T ire
range of coordinates which define the source location re lat ive to the array position
could be accurate ly determined for such known cracks . Since scatter s a lways pre-
sent , a range of coordinates wi th i n which the sou rce wi l l  be detected had to be
determine d .
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Calibration procedures in -which sim ulated AE sianals in jected into the structure of the
test holes were use d to obtain the so’’ r’ ’ coor dinates as the equi pment rccogn L~r -s them .
Repeated emiss ion buildup at these coordinates during the app l ied test F l i ghts t hen
heral ds crack growth which is periodicall y ‘ien ified by v isua l or NDI trackin g of the
crack on an access ible surface . In this manner , repeated em issions were recogn ized
at twe lve of the 15 monitored test holes where crack growt h actuall y occu rred .

At the three holes where crack growt h was not det ected , i t  appeared ~hat emHion
build-uos from the growiil~ cracks were taking place , but ‘he hi g h loca l noise inc dence
pro hibited positi ie detect ion.  These three crocks , at test holes 0, P, and Q w ere
groupe d together at the attachment of a ve rt ical  s t i f fener  to the mid-beam web and
lowe r cap iuncture . Fastener -attache d ver t ~ ca! s t i f f e n e r s  we re also wi thin and ediocent
to t his area. This proved to be the noisiest area among t hose monitored.

Emission buildups we re not restricted to the known cracks. On numerous occasions ,
pers istent buildups having definite coordinates occurred w ithin most arrays . These
unknown sources were desi gnated crack suspect areas and their locations within the
structure were determined. Many of the suspect areas were investi gated dur ing the
program us ing visual and NDT inspection methods. W hi le no cracks normall ’ detect-
able by t hese methods were found at any of the suspect locations , several of the
em ission sources were traced to loose fasteners . A loose fastene r is in itself a defect
cond ition and the fact that the instrument detected these points to a potential added
dimension of the AE system . Three of the de tected suspect areas -were selected for
post—test fractograp hic examination . T hese were suspect locations 4A , 4B, and 9A ,
described previousl y .

De tection of crock growth at the known test holes was very good . Some problems
whic h may affect positive detection were also recognized , such as high scatter at
some locations , disp lacement of the disp lcayed source coor dinates c rom t he t rue coor-
dinates , and interference from random noise .

C. Correlotion of AE with Crack Growth Data . Detection of crack growt h AE does
not assure that t he AE data can be correlated directl y with the amount of crock growt h
or the crack growth rate . Detection is critical for t i-re system in its role as a struc-
turol monitoring tool . Conrelot ion , however , exten ds the usefulness of the system and
enables inspection and maintenance decisions to be based potent iall y on the AE data
alone .

Corre lata ble AE data are chiefl y dependent upon wise desi gn and in~ta lIat ion of the
array, optimization of system gain and detection thresh old , and the amount of random
structural no ise which can interf e re w ith and mask real AE data . Assuming that the
array and system operating parameters are favorabl y selected , noise is the greatest
detractor to corre latable data, It is not possible to separate noise events from AE
events wit hin the coordinates defined for the source , so noise causes f luctuations in
t he accumulated events . Also , since the equi pment imposes a brief “dead time ”
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fo l lowing reception ~f a ‘ .-ol id” event , the rece ption of -
~~ noke si gnal con thus ccuse

a subsequent AE e- ,ent ~~~ be missed. Therefore , it fo l lows t hat  c lose corre la t ions of
A E to crack growt h data sil l not a lways be possib le for comp lex structure .

Correlations were attempted for the fol lowing test crac ks: 8N, 4H and 5J. In the
case of 8N, a very detailed fractograp hic anal ys is of the fati gue crack sur face was
accomplished using the scanning electron microscope (SEM) to locote crack growt h
str iations. A detailed correlation of the AE data wos therefore possible for this crack ,
For 4H and 5J, only a relativel y macroscop ic anal ysis of growth resolved for each 100
simulated f l i ghts was accomp lished. Thus, a less detailed correlation of AE resulted ,
However , t he latter represents a more practical approach relative to f ield leve l crack
growt h detection .

Data for other test cracks were either insufficient or too f l uctuating to attempt direct
correlations . From the correlations presented and from othe r observations , it appears
that , under control led and optimized test conditions , direct correlations are possible
for most crack growt h investi gations.

Correlation , Test Crack 8N. Crack N, Area 8, -was a relat ivel y large crac k
pr ior to appl ication of the initial loads . The init ial crack length at the sur-
face , including costene r hole , was 0.94 inches. Acoust ic emission si gnals
were rece ived from growt h of tn is crack earl y and continued to be received
throug hout the tests . Afte r 1200 unit f l i ghts , a sma ll p iece of mater ial  con-
tain ing Crack N was cut out of the wing plan k for metal logra p hic exam m a -
t io n. Repairs we re made to the structure for furthe r testing *

A magnified vie- N of the crack surface is shown at the top of Fi gure 16.
Bands of different hue on the surface indicate various reg ions of crack g - o ~~*h .
The surface between C and D, -which includes the Faste ner hole , represents
t he initial crack -w h ich  exist ed pr ior to testin g , The crack then grew s low l y
f r o m  D to E and simultaneo usl y C to A during the 1200 test f l ights (including
the 100 precrack f l i ghts and the app lied mar ker loads ’) . The lower part of
the f igure is a grap h of the crack ~ro -wt h in the reg ion D—E -w hich resulted from
all the app lie d load spectra . The gro - ith was reasonabl y l inear over
load spectr a . The increment of g rowth during t he 00-block of f l i ghts tram
fl i ght 600 to f l i ght 7U0 was approximate l y 0 .026 inches , of which s l i g htl y
more than 0.005 resulted from the marker loads . T h us, t he overage gr owt h
dur ing this period was 200 microi ric hes per f l i ght .

The crack growt h data were derived by ana l yz ing the crack surface between
D and E using the scanning electron microscope (SEM). The marker load
striation s were searched out on the crack surface to separate and identif y the
growt h produced during each block of 100 unit test lights . A photograp h
s howing a SEM view of a portion of the crack surface produced during t~ -;t

f l i ghts 60 1 throug h 6 1 1  is presented in Fi gure 17.
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The mor~ ~r load s t r i - i t  ions on thc ~~ o f the oho ’- - k  —i e ra used
t~ iden~ i 

~ 
and co r re la te  thi s reg ion of ir’ - 7 / p : : to ftc isart i cul or set

of test f l ights .  The wide r set -rt ~t r i a t i o ns  to the rig ht of this group
of str iations are desc riber i as “ beach mar k s t r i a t ions and -were pro-
duced during the F 1 -G 1- F 5  transit ions from one f l i ght s pectrum to
the succee ding O ght s pectrum . Finer s l o w — g r o w t h  s t r i a t ions  -were
produced between the beach marks , but are not c learl y ev ident in
the photograp h.

At  the bot om of Fi gure 17 is a bargrap h of the accum ulated
acoustic emission (AE) received from Crack N during the same test
Fli ghts dep icted in the photograp h. The cumulative AE counts versus
time for these f l i ghts were extracted f rom the data tapes using the
PT .~P and wer e correlated to the recorded function generator test load
curves. Each st e p increase at the f l ig ht condit ion noted -was caused
in most cases by -~~t ”ction of a sing le A E e -~ent occurr ing during the
Fl—G 1-F D transitio n . The resolution of the time bars on the grap h
was not 5t j ”ic~ent d’ -~ ine t i e  f l i ght cond it ion oct l y .  Howe ier ,
t i - c  inves t i  t i o ns  indica~-s d that the sing le AE e ient or i g inate d during
N~e f i r s t  “ ‘cursion ~O “n ti -c cad c h a r g e d  to a Hi gher amp l it -jd e
T h is is denote- H sn t i e ba rq r -a p h in Fi gure 17 by F2 , F3, F l , etc . ,

were -d ’ -~~ned in Fi gure -1 ,

Si r- - e  He orac L~ qr -~ ~~~ rate is sma ll  (-~ 200 m icroinches ocr f l igH,
a f a t i q r j~-’ c roc k is In i t Iated in this st ruc t ure , as man y as 100 to

21)0 ~i ig ht s ~ould be n e c e s s a r y  to gro w the crack to a size that svou ld
cc min imall y d e t ’c t a b le  by ordinary nondestruct ive inspection tech-
niques. Since the re su l t s  of t h is  program indicate that onl y a very
few  AE events per t l i ght ma y be <~~c c te d from a gro’—’ ing crack , ten
to ?~ t l ig hts -woul d probabl y be necessar y to detec t  the crack wi th

~ F techn iqu.r~c - a decided advantage o-~er ot her techni ques.

T he hei ght of each ste p increase is por portional to the amp l i tu de of
the AE si gnal . Of course , bot h the number of e-ien ts detected and
t he number of ringdown osci l la t ions detected are each dependent
upon the detect ion threshold and the amp li f ier  gain s t r ngs , wh ich
‘were set to r]0 t ie vC a reasonable si gna l—to—noise re lat ionshi p. These
cons iderat hons aside , the AE da t a did indicate a nearl y l inear cor-
res pondence bet -‘een flC crock g row th  and ~\ E rates as e- , idenced by
t he IM micr oqra ph and -“ E bargrap h.

~AE data from Crac ). - -i/c r anal yzed at other f l i g hts . Figure 18 is a
r : f l r rr r e  sho iiinq c u r r u ! - a f i  j -~ / c i uS time for t e s t  f l i ghts 701 ‘ 1r r o r j c ~n

~00 . Most H thn - t e p  in r re nses , - ed fsv ,incH A E :~~r t -  oc ccr  red
at the Fl ig i t  t rans i t ions - ~\ t ‘i:. -se points , the amp li tudes (numbe ni
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r ingdo wn Coun t ~ of the c-ic nts v.~ere approx imate ly t he same , The
amp litude is shown in Fi gure 19 , wh ich is a s imi lar  bargrap h for
f l i ghts 791 and 792 . The fli ght transition at T—F l t  792 condition
Fl shows a step increase oF 88 counts over 1-F It 791, and the
transition to T — Fl t  793 showed a step increase of 82 counts . The
other f I i~ !- t transition step increase s were of similar , near constant ,
amp litudes.

Correlation , Test Cracks 4H and 5J. Curves for cumulative AE
events and crack growth for test cracks 4K and 5J -were plotted as a
function of cumulative test f l i ghts . A set of curves for these tes t
cracks are presented in Fi gure s 20 and 21 , rospect ivel y .  P lo ts  ‘s~
AE counts (not shown) instead of AE events present a v e r y  simi lar
correspondence .

Fcr the segment of test fl ights s hown, that is , for f l ig hts 801 ‘ - roug h

~0O0, growth for crack 4H was nearl y constant . The acoustic emis-
s ion from the crack was accumulated at a constant rate within f l i ghts
801 through 1000 and 1201 throug h 1 1300. The cumulative AE fol lows
t he crack growth curve ver y well within these f l i ghts . During 200
fli ghts from 100 1 throug h 1200, on the othe r hand, the rate of AE
event accumulation increased considerabl y for the crack growt h
occurring and caused a crossover in the plotted curves.

The growth for test crack 5J during f l i g hts from 801 to nearl y 1 600
was not constant. T he growth showed small surges and slow downs
before it reached the lower edge of t he rear beam web pr ior to f l i ght

600, as indicated on the plot in Fi gure 21 . Acoustic em issions
rece ived during the growth per iod did not show a constant accumula-
tion rate nor did its rate coincide st r i c t l y w ith that of crack growt h.
During the f l ights , AE indications from 5J -were observed on the AE
mon itor to be sporodic in arrival rate , w hich coincides wi th  the
plotted data .

Even thoug h the correlations between crack growt h and AE event
rate for these two cases cannot be classed as extremel y good, t hey
are close enough to s how the potential for using AE to determine
est imates of crack length and crack growt h rate .

These AE data were obtained unde r a given set of loading and in-
strumentat ion parameters (ga in, threshold , array s ize , etc .) and
structural configuration . The part icular areas for the two cases
were comp lex , containe d a considerable number of f as t eners or
bolts , and were in moderate—to—hi gh structure-borne noise environ-
ments . Since the A E system must share processing time between
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noise s ignals and AE si gnals , t he AE rates can be ad-ierse l y affected
if the structure—borne noise rate changes or if changes are made to
any c hanne l of the AE system in which sensi t iv i t y is g reatl y changed.

Due to such Factors , apparent f luctua tions in the AE rate as presented
by the equipment do not necessar ily mean actua l f luctuations in A E
from the crack source . The assump t ion can be made that the true AE
rate cause d by t he growing crock very close ly fol lows the actual rate
of crack growt h. But the protrayal of AE rate by the equi pment de pends
on the selecte d system parameters , the system computer ’ s time s haring
respons ibi l i t ies , and t he structure noise en-, ironments.

3 .2 . 6  Source Detectabil i ty

The experim ental approach fol lowed in this program was to monitor s t ruc ture  in tes t

areas wh ich contained known crack or damage at specif ic locations . The most
probable AE source locations were , t he refore , wel l defined and the coordinates which
the equ ipment shoul d com pute for the known sources could be determined accuratel y.
Thus , crack growth detect ion was a matter of observing -whethe r persistent emissions
were disp la yed wi th in the range of defined coordinates ,

Several observations of the source emissions were made which relate to the detect-
abil i t y. These were :

1) The locations of some known sources were accuratel y d isp laye d,
while

2) The locations of othe r known sources were disp layed in a pseudo
locat ion, i .e, disp lace d location re lat ive l y to t he true location .

3) The AE ac t iv i t y  of some sources -was re lat ivel y constant -w ith
time or f l i ghts , while

4) The A E act iv i t y of other sources was sporadic wi th  t ime or f l i ghts .

5) The AE data from some sources disp layed l i t t le spatial scatter ,
while

6) T he AE data from other sources disp layed considerable spatial
scatter.

7) “Noise ’ is usuall y random in time and spatial ori g ins.

8) Persistent sources wi th  high a c t i v i t y  other than the known,
intentional sources were often present .

The odd—numbered f ac to rs  above usuall y en hance the detect on and increase the
certa inty t hat an AE source is va l id.  On the othe r hand, the even—num bered items
are factors w hich comp licate and detract from the detection process . All  persistent
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sources must be pinpointed w i th in  the structure and investi gated . Regions containing
scattere d “ no ise ” s hould also be investi gated for possible discreet f law sites.

Present AE equipment can provide on l y one definite piece of information about a
source: that an A E event has occurred . There is no means to differ entiate between
AE events caused by crack growth , frett ing, structura l s l i ppage, expans ion/contraction ,
microscop ic metallurg ical processes or other possible causes. The equipment disp lays
t he event irrespective of its cause and the invest igator must reso lve its meaning and
determ ine whether it is or is not of concern to him .

Desp ite these potential difficulties , t he fact that events are disp laye d on a plan view
basis is a valuable tool for informing the investi gator t hat something unusual is occur-
r ing in a narrow reg ion of structure which he is monitoring . Much of the work
invo lved in inspecting large areas is thus eliminated , for the inspector can limit his
search to certain suspect reg ions and flag these reg ions for fu ture periodic inspections .

SECTI O N IV

CONCLU SIONS

Crack growth was detected with acoustic emission techni ques in comp lex ful l-scal e
aircra ft structure loaded to simulated fl i ght—b y—f l i ght spectr a using commerciall y
avai lable acoustic emission equipment. Cracks were detecte d in structura l locations
where they would be very di ff ic ult or costl y to detect wi th more commonl y used NDT
techniques because of accessib i l i t y pro blems . Such locations were under large sp lice
plates , in inaccessible fay ing members and unde r fastene r heads . Fastener removal
or structural disassembl y was not necessary to app ly the A E techn iques.

D scrimina t ion against back ground noise was successf ul . Flaw source location tech-
niques us ing a four-transducer array to provide real-t ime location of each AE event
in a two-dimensional x-y coordinate system was used and s considered to be essenti al
for monitoring an area of aircraft structure . Attempts to use a one-dimensional two—
trans ducer location system were unsuccessful . Other noise discrimination techni ques
used included hig h band pass frequency Filtering with cutoff of 350 KHz and si gnal
thresho ld adjusted to eliminate the constant leve l back ground noise .

The time rate of A E events received from a growing crack was astonishing ly small.
Typ icall y, onl y one or two events were detected during a unit Fli ght. A unit f l ight
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cons isted of 51 load cyc les and required From 20 to ~30 minutes to comp lete . It was

designed to induce the same Fati gue as a “t yp ical” four—hour service f l i ght. Correla-

tion ana lys is showed that an AE event was indication that a crack extension of the

order of 1O 4 inc hes had occurred , This indicates that from IOU to 200 f l i ghts are

require d to grow a crac k 0.u20 inches. T his is the lower limit of detectabi l i ty for

conventiona l NDT techn i ques. T his result provides insi ght into some ma jo r consider-

at ions necessary for an on-board AE monitoring system; namel y, the detection reli-

abil ity and management of the syste m. Note that th is test was conducted on the test

art ic le of a large cargo a ircraft  and may not be app l icable to other types of a ircraft .

The corre lation between AE data and crack growth were fairl y good. The resu lts of

corre lation stud ies on 3 cracks were presented . These correla tions , togethe r -with the

resu lts of other A E work on the same test ar t ic le (Ref . 6) show that AE hos the potential

for being use d to determine crack size and crack growth rate . A qualitative measure

of the change in crack growt h rate can be accomp lished -wi th  the present technology.

However , a very precise system cal ibration together with AE tests on dup licate speci-

mens woul d be required to establ ish a confidence level for determining crack size and

crac k growt h rate .

System calibration -wi t h a standard AE si gna l source is essential ~or AE monitoring on

aircraft structure . The standard source must be capable of producing, on command ,

acoust ic Si gnals w hich very close ly s imulate AE in rise—t ime , pulse shape , frequency

content , amp litude , and must be capable of introducing t he standard signal into the

test piece at a point source such as a crack t i p. The standard source is needed to

establish and verif y sensor array parameters , set ga in and threshold settings , trace

source origins and determine their coordinates , determine signal losses in the mater ial

and across join ts , and to ver iFy system operation. \~Jor k is being conducted at the

National Bureau of Standards on a dev ice  that oromises to meet these requirements .

A prototype was used on this program .

The distance over which an AE event can be detected and the layout of an array of

trans ducers use d in monitoring a ircraft structure is d ictated by the comp lexity and

geometry of the structure . An AE event con be reliabl y detected ac ross one jo int

assemb le d w it h  mechanical fasteners but not across two joints . Likewise , an AE

sig-icI can be detecte d across one row of fas teners but not reliabl y across two rows.

Transducer array sizes use d on this program ranged from 8 inches to 48 inches between

transducers .

The back ground noise and the AE response c haracteris t ics of this test art ic le may not

be totall y representative of in-service a i rcraf t .  Al t hough t he test article was a pro-

duction-size wing structure , t here are many differences which should be noted:

1) the test orticle hod been subjec ted to two a ircraft l i fet imes .)f fatigue prior to

sPort ing the monitoring program . Th is probabl y accounts For some o~ the spur ious

flaw source si gnals encourite r~d dur ing the tests , 2) the load was apc !ied to the struc-

ture by se rvo-controlled hydraul ic jacks through mechanical linkages attached to the
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structure . The re la t i v e  magnitu de ot the back ground noise gene ra ted by tkr’ method
of loading and that produced by ae rodynamic l i f t  is not known, 3) the t ” : t ;  wer e con-
ducted at room temperature wi th no attempt to sirnuHt~- ‘dight env ironment , 4) the
test art ic le consisted of the load carry ing box structure w iti,out - n-/ of t ’  .- mechanical ,
hydraulic , or e lectr ical  ight systems irista l l~:-- i . The e lect r ica l  c o r i t co l s  for these
systems are known to generate a se vere EMI e n v i r o n m e n t  t o r  AE system c~o raf  ion,
5) r~~e fue l tank sections of the test ar t ic l e  were not integ ra l l y sea led and hence did
not cori ’ain a i rc ra f t  fue l . This  test condition probab l y enhanced the A E si gnal t - cn s—
mission characteri~t i c s .

SECTION V

~ECOMtv ’END~~T lO NS

Acous t ic em ission technology for aircraft  applications is in its infancy and onl y a few
general so lutions have be’:- n developed to solve the many problems peculiar to moni-
toring the many t ypes of comp lex aircraft  st ructure . 3- s ica l l y, f -He resu lts of this AE
monitoring program have demonstrated t ct AE tec hniques can be used to moni f c r crack
growt h in a l imited numbe r of locations on a product ion- Si ze -w ing fatigue test art ic l e
during simulated f l i g ht loading . The major problems associated w i th  long-term un-
attended A E sys tem o re ratio nol re l iab i l i t y in tne -var ious a i r c r a f t  mission p ro f i l es  and
f l i g ht environment hc~~- onl y been talked about . ‘

~ melding of the hig hl y sop hist icated
a ircraft  e lec t ron ic  ~ec~ no lo- ~-, arid the - - i i - ~t ing A E techno Io~ y can solve the problems
necessary to produce an on-board A E system that can be successful l y demonstrated.
Consequentl y, w e be lie /c that any tutu re work be very care ful l y coordinated to inc lude
t he aircraf t  e lectr onics , t he struct ural  desi gn for the se l ect e d app l icat ion , and the a ir—
c a r t  m i ss ion  prof i le.

Ne recommend that future wor k be done to define the general requirements of a prac-
t ical  on-board A E s -y -.h’ rn . Foc t u rs  t -  - be determined include det a i led def ini t ion of the
ma jor elements of c’ s y s t ~-rn and t - ~ ~p’ - rat ion, including the sensors , amp li f icat ion
and si gna l proce~ iing, data storage , data anal ys is and interpretat io n , cal i bration and
che c kout procedures , sys t e m ma intenance , and inspection -v er i f ica t ion procedures .
Of primary importance are cons iderations for the separation of on-board and ground—
based functions and portions of the system; how the data should be handled and by
-w hom; under what conditions should a source b~- regarded as a Flaw s ispect and how or
when t~, verif y.

48

- - .  - - ‘  , .. - - -~ t ~~ ---• - - . —
~~~~



It is f u- t he r recommended that for any ai rcraf t  on -which an 4 E s~ stc m is instal led ,
t here he a ful l — scale spec imen of the identical -1- ucture ava i lab le  f o r  on—ground
syste m development and evaluat ion.  THe v alue of this approach is that i t  pe rmits
senso arrays to be defined , opt im ized and -veri f ied so that an identical proven
array can be installed at the same locat ion on the ai rcraf t ; permi ts  prior de tec tion
and resolution of problems; noise sources can be el iminated , minimized or a-voided;
provides a test bed for evaluation of pecul iar resul t s t hat may be obtained on the
air craft ; and provides a ready means to trace a source to it ; structural ori g in ~‘~hen
ver if ication problems are reported from the f leet .
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APPENDIX A

DESCRIPTION OF TEST AREA S

Area 1 consists of a portion of the lowe r surface mid-beam span-wise splice containing
test holes A, B, ar-id C at IWBR S(s ) 240, 234 .75, and 229 .50, respect ivel y.  The test
holes contained initial sawcut ~!c4ws in either one or both members of the spl ice on
fore- or af t—sides of the hole.

Area 2 consists of a portion of the T owe r mid—be am cap r iser—to—web splice from IW BRS
O t~~T 3ó . Test holes D and E ‘which contain initial sawc ut f laws are at IW BRS 100.25

and 96, respect ivel y .  Test holes 0, P, and 0 contained exist in g fatigue cracks and
are locate d in the stiffen er base attachment area at IWBR S 134 5.

Area 3 con~ists of a portion of the rear beam cap at IW BRS 396 . Test holes F and 0
are aTong the aft edge of the cap/hinge-half attachment area . Both test holes con-
ta ined initial sawcut f laws .

Area 4 cons ists of test f~~le H in center -wing pane l No. 2 at the vV ,S, 120 wing ioint ..
The bolt hole contains an initial sawcut f law and is covered by a chor dwise sp l ice
plate on the exterior lower surface .

Area 5 is a portion of the rear beam lower cap-to—-we b sp l ice between IVV BR S 17~ to
194 . The area contains test holes I, J, and K, w hich had init ial sawcut f laws in
t he web . The area is bracketed inboard and outboard by two externa l stiffeners and
is divided by one internal sti ffener which presents a double row of fasteners .

Area 6 is a portion of inner wing skin pane l No. 4 at t he ~V .S. 57/ wing loint which
is covered -with a chordwise sp l ice p late on the lowe r exter ior  sur face , Test hole L
in this area contained an initial sawcut f law .

Area 7 consists of the inner wing panel No. 9 ru nout at l’/VBR S 337 at the front beam
and contains test hole M. The hole contained an init ial sawcut f l a w . This area was
not mon itored for aco ust ic emission ,

Area 8 consists of a portion of the inner w ing pane l No. 2 to pane! ~ soan -v ise sp lice
in the vicini t y of ‘t/ BRS 2 17 .2b .  Tne area co nta in- ’~ test hole N -which had an
exist ing fati gue Cr  ck at ~he ;f- -:r of the tests -
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APPENDIX B

DESCRIPTION OF ACOUSTIC EMISSION SYSTEM COMPONENTS
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APPENDIX B

DESCRIPTION OF ACOUSTIC EMISSION SYSTEM COMPONENTS

1 . Transducers: (a) S750 — Sing l-~—ended wi th a peak frequency response general l y
above 700 KHz . The sensitivit y at the resonant f r~ quency ranged from approxi-
matel y —8 0 db to -76 db referenced to 1 volt per microbar. Calibration was
accom plishe d by t he supp lier * using t he ultrasonic techni que and comparison w i t h
a standard transducer.

(b) D9202 — This is a diffe rential transducer for el imination of
common-mode e lectr ical noise and has a sensit iv i t y peak between 450 to 550
KHz . The peak sensit ivit y ranged from — 80 db to —7 6 db referenced to 1 volt
per micro bar . Calibration was performed by Dunegan/ Endevco using the Spark
Impact Bar Technique (Reference 4).

2. Preamp lifier: 40 db fixed gain with a peak output of 5V into 50 ohms. High
pass fi lters with cutoff at 350 KHz and a 4~ db per octave ro l l — o f f .  Bandwidth
is from 350 KHz to 2 MHz and a noise leve l of 5 V (rms) .

3. Signa l Conditioner: Adj ustable gain f rom zero to 60 db in I db steps . A lso ,
generates digita l pulses for timing the si gna l ar r iva ls .

4 . Ana log/Audio Monitor Selector and Buffers: Al lows selection of an array for
of f—line monitoring and processing and provides an audio indication of the
acous tic act ivi t y from any of the 32 channe ls.

5. Test Pulse Generator : Provide pulses , -wit h amp litude of zero to 25 volts and
repetition rate of one to 1 00 pulses per second , to a test transducer located in
an array to veri f y norma l operation and to perform periodic array cal ibrat ion
c hecks .

6. Minicomputer: Perform s AE source location ca lculations , formats and stores
data for CRT disp lay and cassette recording, monitors key board for operator
commands , and issues contro l commands for eff ic ient system operation .

7. CRT Device : Converts digital data to precise ana log -voltages for CR1 beam
def lection for real—time disp lay .

8. Storage Cathode Ray Tube : Disp lays rea l—time dua l histograms of events and
counts , provi ding an indication of se verit y and act iv i t y within a ll arrays or
w i l l  disp lay simultaneousl y t he event histogram and any one of the ei ght arra ys .
This feature allows assessment of the a c t i v i t y wi th in an array whi le monitoring
t he total events occurring within indi-uidual arrays .

*Dunegan/Ende~vco San Jrian Capistrano , Calif .
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~~. Hard Copy Unit: Produces an 8— 1 ‘2” x 1 1” paper har d copy of the CRT
disp lay .

10. Printer -‘asse t te Rec order: Conta ins a tele printer and a dual cassette recorde r .
The teleprinter key board al lows the operator to enter cal ibration data and
commands to t he system , and the printer produces a printout of the te s t data ,
post-test anal ys is results , and computer response s to commands. The dual
cassette recorder a l lows simultaneous recording of real-t ime data and p lay bac~s
of previousl y recor ded data . The recorder is also use d to enter programs into
the computer.
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APPENDIX C

1 032 FLAW LOCATO R SYSTEM INPUT/OUTPUT DATA FORMATS
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- Si gnal Arrival Sequence Number . No - 3 and N~ .s 5 throug h 77

are not recorded because ‘- hey did no t ~ass he - ,a lH ’ - y che c kc as t rue A E s~~no 1 s

Arra y Number
— Arr ival  T ime Dif ferent ials Between ‘he Transduce rs

Si gnal a rr ived at XDC R 1 F IRST F I RST LINE) , Hence DT 1 0
and Arr ived at XDC R 0 Next , Hence 010 = 1 14 <  DT3 < DT2 .

~~~~ - ‘~ and V coordinates of the AE Si gna l Source refe renced to a re ct an cula r

- 
coo rdinate system w i th  the zero at XDC R 0 and Y -axk  pass ing th roj g - -,
X D C R 3 .

~~ 
Ring down Counts - Number of times AE si gna l osc i l la t ions  cross es
the threshold , proportiona l to si gna l amp !iiude

Mac hine time in minutes from st art of data run

__ Parametric index related ~o load machine tes t  f l i g ht number
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Forrn a , Counts ‘ Js  Time for To ta l  Coun ts Format , Event Vs Time for E~ent Rote

F 1 
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= ( TOTAL ) ~ f l t I E  = ( R-~’T E ~
( COO NTS~ r - ~~E7ENTS 
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I .  4 . I~t . 1 . 4 . ~
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FIGU~ E C3. EXAM P1 F~ OF THE P0ST -T E~ T A~~~kL YSI S  PROG~~.-~M INPU T D~~T~ FC
cM~~T~

USED ,‘JIT H THE 32- CHA NNEL ACOUSTIC EM I  
- I O N  ~Y3TEM
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HISTORy OF ARRAY S AT EACH TEST AREA
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A PPENDIX D

HISTORY OF ARRAYS AT EACH TEST AP EA

Area 1 - Fi guie Dl ; l lus tra t es the a r ray s  used t o  A r e a  1 . Throug h the BuOth unit test
f l ight , a linear array of two transducers separated by 20 inches was use d to monitor
Area I (see Figure 3) .  The array was instal led along the s p l i ce inside the -wing box
to mon itor crack growth at all three test holes. For f U ghts ~01 th ioug h 1200 , a tri-
angular array of fou r transducers was instal led outside the -wing box on t ise w ing pane l
number 4 lower surf ace . From t l i ghts 1201 throug h 1400, the array -.vas re posit ioned
to include the wing plank jo in t . Af ter f t i 9ht 1400, cracks A , B, and C we re cut out
for meta llogrop hk examinat ion.

Area 2. Fi gure D2 if l ustrotes the arrays u;n-~ in ~- rea 2 . Ini tia ll y, a 39—inch Hear
array was insta lled spa n-w ise along f~ -~ ca p to n :cn t-o r al l  f L- c t e s t  hohs - s imultaneous ! ,-
A very high structural noise leve l necessitated cbancri n3 to a 4—transducer t r i c rg- ~I a r
arra y wh ich was nsta l led on the vve h midway bc~ w ’-~en tH two se ts of tes ’ holes.
Acoust ic emission pic k—up was inhibited b- r n u t~p le rc - -’s  ~f fasteners ~ t w eb st i f fe ne r
attachme nt areas , so a new tniangu lai array us ing D9202 ~ransducers -vas instalL- d on
the web near the IWBRS 13~1.5 st i f fener to monitor .e ;r hr’le~ 0, F , C and a ne-w

15—inch linear array was instal led in the v ic in i ty  of the l VBF :S 9/ .25 st i f fener t:-

mo nitor test holes D and E. The las t two arra ys used ‘-h rc ugh f l i 3 hr 1200 are sho v--n
in Figure D2 . From f l i g hts 1201 throug h 2000 , n - -v t r ia na u lar  a~ r c-y s were in~to!k~i
on the mid—beam cap to monitor ‘- he tw o sets of test ho les and are s hown in Fi gure
D3.

Area 3. Arrays used in area 3 crc i I lust ~~t~ c in Fi qri ro D4 . A 20—inch l inear -arra y
was used throug h f l ight 800 to monitor the two te~ t ho~es , In addition, the Br i t i sh
A ML transducers and cables were inst al !cc ~ s~m H c r l y in t h is  area to provide a pa ra lie !
compar ison wi th the linear Lockheed array . A t l ia ngula r array ‘was ins ta l led t o

rep la ce the l inear array and was used during ‘!i0~ ts 801 -hroug h 2000.

Area 4. Arrays used H Area 4 are f l lustr a red in Fi gure D5. Ini t ial l y, a
linear array was installed oarc 1le l t~ t he s r- l ice an CW Pane l Nc.  2 1-0 monitor the
test hole , hut a re lat ive l y hig h s t r uc ~~rc l noise e ;e! nece ss i t a ted  chang ing to a
tr iangular array fol io -w ing f! ight 1 10 . T l -  a f t”  array , ho ‘Hg an 8— inc h transd ucer
se paraHon , was use d throug h f l i ght 1200 and s how n at t he top of Fi 3ure D5 . For
fl i ghts 1201 throug h 2000, t i i~ arra y -“as expanded ~o 15 inches and included a soo n—
wise pl a k  joint , as show n at the boltom of t i r e  Ugure .

Area 5. Figure D6 i l lus r rates the arrays uted in Area 5. A 12-inch t riangula r array
was use d to monit or t his area throug hout t i e  f i r  ;t 1200 f l i ghts , as s hown in t h e  f i gure .
During f l i ghts 1201 through 2000, a modif ied 12-inch arr ay shown at the bottom of
Fi gure D6 folded across the ‘web—to-cap joint was used .

61

- — - - --~r---_ -$-—._ - — — - - ‘  a- - -  - -



Area 6. The array used in Area 6 is shown in Figure D7. !nit iall y, a IS-inch linear
array insta lled paral lel to and near the ‘-N .S .  577 jo int  on inner w ing pane l number 4
was used to monitor crack growth in the test hole. Afte r 1-Fit 101 , a tr iangular array
was installed. A f t e r 1—FIt 437, the posit ion of this array was “ rotated” about the test
hole to improve the acoustic emiss ion disp lay character istics and was used throug h
f l i g ht 2000 .

Area 7. This area was not monitored with the acoustic emission system .

Area 8. Figure DS il lustrates the array used in Area 8 . The area was mon itored with
a 20—inch tr iangular array which was “ rotated” about N often 1-Fit 437 to improve
the acoust ic emission disp lay character istics .

Area 9 . The arrays used in Area 9 are shown in Figure D9. A 20-inch triangular
array was installed here to obtain baseline noise back ground data throug h flight 800 .
The size of the array was extended to 48 inches for f l i ghts 801-2000, and thus in-

cluded the joint between inner wing panels 3 and 4.
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DATA TAPE CHARACTERIZATION PROCEDURE
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APPENDIX E

DA TA TAPE CHARACTERIZATION PROCEDURE

1 . Select the tape(s) containing the f lights to be anal yzed (this information is
hand—recorded on the cassette ID sticker) .

2. Examine t he Tape (s) to:

o Determine the start and finish times of each fl ight by play ing the tape
and printing content increments on the pape r chart .

o Group the flights into time segments . A time segment is that period
of computer time from the start of the computer time at zero time
unti l the timer is rese t to zero . A time segment may contain one or
more flights .

o Record a marker (Control E) on the data tape to automaticall y stop the
tape transport at the end of each time segment.

o Chort record the fl ight numbers and total number of flights assoc iate d
w ith each time segment.

o Chart the time segments associated with each side of the data tape .

o Dete rm ine the fUghts during which no data we re recorded .

The last step enables the anal yst to recognize tl m iss i ng
hl data during the anal ys is or to

bypass portions of the tape wh ch contains nonrelevant data .
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APPENDIX F

C RACK GROWTH HISTORY AND CRACK SURFACE PHOTOG RAPHS
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APPENDIX F

CRAC K G ROWTH HISTORY AND CRACK SURFACE PHOTOGRAPHS

Test A rea I, Test Holes A, B and C. Crack growth occurred in holes A and 8, but not
in C. In hole A, growth initiated at the sowcuts on the forward side of the hole and
grew forward in both members of the lop jo int. By f l i ght 800, the crack had growtn
almost to the forward edge of wing pane l No. 4 and terminated in the formation of a
shear l ip. The interfacing beam cap experienced paral lel crock growth forward of the
hole, term inating in the vicinit y of a thickness step. A diagram of panel joint, sow—
cuts , and final cracks is g iven in Figure Fl . Litt le or no growth occurred after fl i ght
800.

In Hole B, crock growth initiated at the sawcuts on forward and oft sides of the hole in
both members of the lop jo int . By f light 630, the crack hod reached the forword edge

of wing ponel No. 4 forming a shecr !ip and had extended to the thickness step in the

interfacing beam cop. The crack continued to grow oft of the hole until it reached the
edge of the beam cap at flight 1 375 and extended 0.90 inches into the wing panel No.
4.

Test Are~i 2, Test Holes D~ E, 0, P and Q. Crack growth was experienced in oil f ive
hoTes during the program . A diagram ot Test Area 2, the sowcuts, and final cracks is
g iven in Figure F2. Crack D extended from a sowcut in the mid-beam web and grew
for 0~087 inches toward the lower edge of the web . No Further anal ys is was mode of
this crack to correlate growth with test f l i ghts . Crack E extended from an ex isting
crack in a lower fastener hole in the mid-beam cap riser . T he final crack size was
0.22 8 inches as measured along the surface . No further anal ys is was done to segregate
the increments of growth occurring during the test f l ights from the pre—exis ting size .

Crocks 0, P and Q were oil in the mid—beam cap riser and extended from pre-exist ing
fat igue crac ks. Onl y crock ‘0 wos anal yzed to segregate the va rious increments of
growth. Crac k 0~ length along the surface was 0.202 inches. T”.e pre—existing lengt h
was 0.069 inches, and the increment added during the post-test residual streng th tests
was 0.020 inche s — thus, the 2100 fl ight test program added an increment of 0. 113
inches to the growth of crock •0’ . Crac ks P and Q were not anal yzed for segregation
of growth increments . All three cracks apparentl y grew stea dily throughout the 2100
fl ight test and the post-test residual strength programs .

Test Area 3, Test Holes F and G. Both crocks F and G grew from corner sawcuts
during the program test f lights . A diagram of Test Area 3, t he sow:uts and Final

croc ks is g iven in Figure F3. Crack F extended 0.035 inches along the 45 bi-
sector toward the aft edge of the rear beam cap hinge hi p. Crac k G extended
0.03~ inches aft and 3.055 i1iches forward (along 45° bisectors) from the hole .
Neithe r crack rece ived Further anal ys is for correlation to test f l ights or growt h
increment segregat ion.
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Test Area 4, Test Hole H. Fi gure F4 is a diagram of Test Area 4, including the sawcut
ond fina l crack. Crack H extended 0. 175 inches along the 45 his~~tor from a corner
sawcut in the test hole . This crack was anal yzed for growth correlation to test f l i ght
and for segregation of growth due to the residual strength test loads. An increment of
0.140 inches of the above growth occurred during the f l i ght-by-f l i ght tests . Growth
occurre d steadil y t hroughout the latter program .

Test Area 5, Test Hole I, J and K. Crock growt h occurred in all three test holes. A
diagram of Test Area 5, the sawcuts and final cracks is shown in Fi gure F 5. Crack I
grew from a throug h—sowcut on the upper side of a fastener hole in the web. Growth
was 0.050 inches as measured along the surface of the web . Crack J extended 0.247
inches from a through—sawcut on the lower side of a Fastener hole to the lower edge of
the we b. This crock reached the edge of the web lust prior to test flight 1200 and no
further growth occurred at this hole. Crack K gre w 0.033 inches on the upper side of
a fastener hole in the web and 0.050 inches on the lower side of the hole - each ex-
tending from a throug h—sowcut in the web. Onl y Crack J was anal yzed for growth
correlat ion to test f l i ghts .

Test Area 6, Test Hole L. A diagram of Test Area 6, the scwcut and f inal crack is
given in Figure F6. A crack 0.020 inche s as measure d along the 45 bisector extended
from a corner sowcut in Test Hole 1. This crack was not anal yze d further.

Test Area S, Test Hole N. Crock growt h occurred at both fore and aft sides of this
hole. A diagram of Test Area ~ is given in Figure F7. Growth extended from fati gue
cracks ex isting, prior to the flight—b y—f l i ght program and was confined to the wing
panel 3 portion of the panel 3/panel 2 iop joint. Initial crock length including the
fostene r hole diameter was 0.93 inches. The final crock length was 1 .56 inches.
Since the material containing test hole N was removed from the structure following
test f l i ght 1200, the total growt h increment of 0.63 inches was due entirel y to the
flight-by-f l ight program .

Croc k growt h histories of analyzed cracks 1A , 1B, 2 ‘0’ , 4H and 5J are dep icted by
data plots shown in Figure F8 (Figures F8A, F8B, F8C, F8D, and F8E, respect ive ly).
Pho tographs of the fracture faces of these cracks are shown in A ppendix F which
exhibits photos of all the test cracks . In these p lots , crack length and average growt h
per flight ore plotte d as a function of test f l ight . T he left end of the crack length
curves are shown emanat ing from the boundary dimension of the initial sawcut or
intial fati gue crack. The x—ax is (flight axis) includes the first 100 “precroc k” f l i ghts
t hat were app l ied before the 2000 test f l ights. Crack growt h was experienced ot all
test ho les , exce pt hole 1C , during the 2100 crack initiation and propagot ion fl i g hts .
Test crocks not anal yzed for growth versus f l i ght history are 2E, 2P , 20, 3F , 3G , 51,
5K and 6L.
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IN-TEST CRACK LENGTH MEASUREMENTS
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APPENDIX G

IN-TEST CRACK LENGTH MEASUREMENT S

In— Test Crack Measurements , Prior to start of the test prog ram, before any f l i ght
loads we re applie d, t he visual crick tip location of all exist ing cracks at test holes
we re determined using a triangulation measurement technique . The position of the
end points of all sowcuts were likewise determined. The triangulation techni que in-
vo lved measurements made from a reference triang le in which two prick marks near
each test hole defined the triang le base and the test hole center formed the triang le
apex. The prick marks we re nominall y 2.0 inc hes opart and the perpendicular dis-
tance trom t he base to the test hole center wr~s nominal l y 2.0 inches. Subsequent
measurements of crock growth were made from the two prick marks to the crack tip
and were expresse d as x-y disp lacements.

A second set of baseline crack tip locat ion measurements was developed fol lowing the
100 h’ precrock I flights which were applied to initiate crack growth at the s c w c u t s .

T hereafter , measurements were mode at each accessible test hole after eve ry 25 to 75
test f l i ghts, generall y, w ith some variat ion . Holes containing corner crocks or corner
cuts were inspected with ultrasonic and/or eddy current au tomat ic bolt-hole techni-
ques to determine extent of crack growth along the hole wal l .  TableGl is a comp ila-
tion of the final in—test crack growth as determined visuall y or w ith the NDI methods.
Comparison of these determinations con be made with the measurements mode with
fractograp hic tec hniques presented in Table 3.
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A P P E N D I X  G

TABLE C-i. VISUAL CRAC K MEASUREMENTS

FINAL
VISUAL GROWTH VISUA L MEASUREMENT

TEST C RAC K INCREME . ’T , I N . LOCATION

1A 0.23 Fwd , Exterior Panel Surface (1)
lB 0.64 Fwd, Exterior Panel Surface ii)

0.20 Aft , Exterior Panel Surface (1)
1C 

, 
0 Aft , Exterior Pane l Surface (1)

2D 0.28 Web Surface , Lwr Edge
2E 0 Beam Riser Fwd Surface
2101 0 Beam Riser Fwd Surface
21’ 0 Beam Riser Fwd Surface
20 0 Beam Riser Fwd Surface
3F 0 Fwd, Exterior Cap Surface
3G 0 Fwd and Aft , Ext. Cap Surfaces
4H 0.13 Hole Wall
51 0 Exterior Web Surface
5J 0.25 Hole Wall (Intermittent) (2)
5K 0 Exterior Web Surface
6L -

7M 0.24 Fwd , Interior Pane l Surface
8N 0.36 Fwd , Exterior Panel Surface

0.30 Aft , Exterior Panel Surface
9R 0. 12 Fwd , Exterior Pane l Surface (3)

( 1) Section Removed from Structure After Fi t  1 400

(2) Section Removed from Structure Afte r FIt 1650
(3) Discovered at 1406 FIts.  Growth Increment Occurred from FIt 1406-1600
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APPENDIX H
1032 SYSTEM REAL TIME DATA DISPLAY S
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APPENDIX H

C B A

SIMuLA TI PN 
A

C B A

C ’ -~~~~~~~~ I ~~ IIi~,
)

DETEcTED A E  
- S I M U L A T C ’ ~

FIGURE Hi - AE REPRESEN TATIONS FROM TEST A~ EA 1

The array in Test Area 1 was linear arroy t hroug h FIt 800 . The
presentations on the left oF the block for linear arroy 0/1 con-
tain a disp lay (top) of simulated si gna ls injected at test holes
A , B, and C, and a disp lay of A E signa ls p1us noise detected
during Fit 530. The disp lay on the right is a triangu lar represen-
tation of simu lated si gna ls injected at the test holes. Since
cracks at A and B had l itt le or no growth after this array was
dep loyed, a suitab le triangular disp lay of detected AE wos not
avai lable.

_ _ _ _  _ _ _ _  _ _

- 

S~~ U~ AT -
~~~~DE TEC TED AE U

FIGURE H2 AE REPRESENTATIONS FROM TEST ARE A 2

The triangu lar array presentation shows real A E crack growth
from test area 2 on the diagram at the left and simu lat ions in the
diagram on t he right. Ot her indications on left diagram are
primari ly nonrepeat ng random noise si gna ls . The simulation on
the right shows a disp lacement for indications made at the test
hole on an adjacent fay ing member .
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AP PE NDIX H

E~~~ ~~~ D

E

DETECTED AE SIMULATIO N

FI GURE 113 . AE REPRESENTA TIONS FROM TEST AREA 2

Triangular pre sentation on left is AE detected during flight 1625
from test hole E in test area 2. Right presentation shows simu la-
tions made on the mid beam cap riser at test holes E and D.

0G
G DETECTED AE SIMULATION

FIGURE H4. AE REPRESENTATIONS FROM TEST AREA 3

Triangu lar pre sentations on left are detected AE from test hole
G in test area 3. Presentation on right are simu lations made of
test holes F and 0.
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APPENDIX H

I~~ 
~~~~r ~~~~

I S IMULAT ION
J DETECT ED A E 

SI~”ULMI O 1’C 
FOLDED ARRAY

____ ——--—--~~~~-

FIGURE H5. AE REPRESENTATIONS FROM TEST ARE 5

Triangu lar presentation on left includes AE from test hole J
in test area 5, repetitious AE from unknown source at X and
nonrepeot ing random noise . Two presentations on right show
s imulations made at test holes I, J and K for the arrays in-
stalled offer f l i g hts 400 and 1200, respect ivel y .

Th

H H

SI U L .~T IC N
D~

1E I T E U  AE

FIGURE Ho. 4E “ E P ~E - E NT .AT IONS FROM TEST AREA 4

Tr angular pre~”P~_ Ctio n on lef t  shows repet i tive AE detected
during Fl i g hts f ro m test hole H and suspect areas 4A and 4B ,
all in t~ ’ C t  o r~~o 4 . The present at ion on right shows simulatio ns
made at ‘ *~~~~ hole H, w ith bolt removed.
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APPEN DIX H

I -~~~ L
L L -

DETECTED ~~ DETECTED AE SIMULATION

FIGURE H7. AE REPRESENTATIONS FROM TEST AREA 6

Triangular pre sentation on left shows AE detected during fl i ght
loading from test hole L using the ‘ rotated ” array . Center
presentation is AE from test hole L before the array was rotated
(after f l i ght 436) . Right presentat ion are simulations made of
test hole L with bolt removed before the array was rotated .

N

DETECTE D AE

~~~~~~ 
CI

- -

FIGUR E H8. AE REPRESENTATIONS FROM TEST AREA 8

Triangular presentation on left iS AE detected during flights 790
to 79o at test hole N. Ri ght presentation shows simulations mode
at test hole N.
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APPENDIX I

AE RESULTS FROM EAC H TEST AREA

Test Area 1, Test Holes A & B. Area 1 was monitored wi th a linear array throug h f li ght

~00, wh ich was then repkce d wi th  a triangular array. The triangular array was modi-
fied again after fli ght 1 200 in an attempt to improve the AE detectabi l i t y .  The latte r
modification , described in Section 3. 1 .4C, included a wing oint within the array .
Since crack growth had virtual ly ceased in hole A before f !i g ht 800 and growth was
continuing aft from hole B onl y, the triangular arra ys did i’iot w itness much AF activit y.
The AE from hole B were intermingled with a relative ly high noise incidence and were
also being indicated in a virtual location vary ing from the true position because of
structural ef fects. The previous linear array appeared to indicate AE from holes A and
B, but it was not poss ible to verif y them as true croc k growth AE in the presence of the
high noise . The triangular arrays hod the potential of resolving the AE identit y diffi-
cult ies if si gnificant crack growt h had continued .

Test Area 2, Test Holes D and E. Earl y attempts to monitor growth at these test holes
were not successfu l us ing a linear array. After a triangular array was mounted on the
beam cop following flig ht 1200, t his array cons istentl y p icked up A E from hole E
throug h flight 2000 . These are plotted in Fi gure Ii and tabulated in Table I. The
occas ional emissions from hole D lost intensit y in propagating from the web to the
array and were , t herefore , less reliabl y indicated .

Test Area 2, Test Holes 0, P and Q. Earl y cap—moun ted linear and web-moun ted
triangular arrays coul d not successfull y indicate AE from these holes because of a very
hig h noise incidence in the area. The final triangular array showed an improvement
in noise rej ection but was not entirel y success ful in showing separation in noise and
AE sources.

Test Area 3, Test Holes F and G. The linear array used to monitor the area during the
ff~ t 300 fflghts appeared to indicate AE from both test holes F and G. These were
used to compare the results obta ined with the AML system whose transducers were
mounte d in Area 3 para llel to the D/E 1 032 transducers . Several noise sources were
present which made detection unre l iable for the one-dimensional linear array . The
triangular array which was installed in the area across the cap-to-panel 1 splice
following fli ght 400, disp layed A E from F and 0. Howe ve r, crac k growth was slow
and the emissions were sparse and scattered. Several noise sources were more active
t han the crack s, but coul d be separated on the array ’ s two- dimensional plan view
disp lay .

Test Area 4, Test Hole H. This was anothe r noisy area and the earl y linear array
could not reliabl y show crack growt h AE.  The 8-inch triangular array instal led neyt
allowed scattering of the indicat ions from noise and A E sources , hindering reliable
assessment . A larger triangular array was installed ond it included the center w ing
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pane l 2-to-panel 3 sp lice . It success tu li y disp layed AE from test hole H and two
othe r emit ters designated 4A and 4B . A plot of AE from test hole H i5 shown in
Fi gure Ii and the data are tabulated in Table I. A distinct decrease in the A E rate
was expe r ienced afte r modif y ing t he array, but this was eventuall y co rrected by
optimiz ing the channe l ga ins . (Data from 4A and 4B ore also tabulated in Appendi
E.)

Test Area 5, Test Holes I, J and K. AE from hole J was rece i -ed by the initial tri-
angular array unttl the crock reache d the lower edge of the web just prior to f li ght
1 600. The crack was removed at the end of 1 650 f l i ghts for froctograp hic examination .
A plot of the AE from J is shown in Figure Ii ond the data ore tabulated in Table i.
The emission rote was very sporadic throughout the flights . AE from holes I and K
we re not identifiable as coming from a distinct source . This was attributed to the
comp lex sti ffener and cop sp lice j oints and to the positioning of the array so
I and K were in the vicinit y of the apex transducers 1 and 2, respective ly (se e Section
3. 1 .4B) . The final experimental array installed following Fl i ght 1 600 did not reliabl y
indicate emissions from holes I and K. Several earl y extraneous emitters were located
at fastener holes in a nearby st iffene r attachment area and were found to be related
to loose fasteners .

Test Area 6, Test Hole L. The triangular array installed in th is area following the
100 precrock flights was improved by “ rotating ” the arroy after 435 fli ghts. AE from
the small amount of crack growt h experienced in hole I was persistent , but not con-
stant . The AE s plotted in Fi gure Ii and the data ore tabulated in Table I. Another
unidentified emitte r or noise source existed within the chordwise sp l ice in this area.

Test Area 7, Test Hole M. This are a was not monitored for AE during the program .

Test Area 8, Test Hole N. AE indications we re received from Test Hole N throug hout
the first 1200 flig hts , oft~ r which the material containing t he crack was removed for
froctograp hic examinations . An improvement in detection was obtained when the
array was “ rotate d” prior to fl ight 438.

Test Area 9, Test Hole R. Th is area was not monitored for AE .

AE Baseline Area 9. This are a, esta blished as an AE noise baseline area, developed
o persistent AE emitter following fl i g ht 801 . The data for the emitter tor f l i ghts 1201
to 2000 is tabulated in Table I. An old crock , stop— drilled to stop growth , existed in
a cl~p attachment on a panel riser in the vicinit y of the emit ter .  No growth occurre d
in the crack during t he test f l i ghts . This crack was not known to exist  whe n the area
was selecte d.
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A PPENDIY I

TABL E I. CUMULATIVE A E EV ENT S FOR X993 TEST CRACKS AND A E souDc E:

_______ 

TEST CRACKS & IDENT IF IED EMITTE RS —

* * - **TEST FLIGHTS 4H 5J 2E 61 44 4B 
_____

801 (0) (0)
838 14 6
858 16 6
882 19 7
900 25 9
924 39 12
950 56 15
987 82 19

1 000 107 21
1 037 240 26
1107 676 51
1135 947 66
1152 1104 72
1185 1 447 91
1200 1 524 98
1256 1 538 116 69 29 94 135 26
1275 1 544 116 87 35 134 178 37
1299 1 574 117 143 74 248 320 86
1 345 1 524 123 178 173 304 371 120
1373 1627 129 244 226 423 492 144
1 400 1 659 142 263 270 496 559 170
1418 1701 182 353 349 587 651 218
1 450 1 730 210 413 382 660 720 249
1 475 1 793 241 518 468 798 864 336
1 500 1 878 262 610 589 936 987 417
1 549 1 953 272 625 727 1181 1160 520
1 600 1 989 276 637 828 1360 1 332 570
1 650 1 998 1317 1014
1 700 2017 1751 1198
1 750 2044 2333 1394
1 800 2104 2719 1 592
1 850 2253 2925 1791
1 900 2539 3379 2056
1 950 2765 3699 2229
2000 3035 4019 2462

* These arrays were modified prior to F light 1201

** This array was installed prior to Flight 1201
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APPENDIX I
C RA(~ 2~4000 1

_ 
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3800

~ ‘DCR A RR~~’(S I~~. f I-~~ 5~
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2400 
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~~ 220O
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1 200 / 1I
1 000 /
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FIGURE II ACCUMULATIVE AE E’-JENTS VERSUS TEST FLIGHTS FOR FOUR TEST CR.\C i~. S
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